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ABSTRACT 
 This study supports the weather organizations in Saudi Arabia (SA) and possibly the 
surrounding countries by providing new understanding of the weather systems that produce 
heavy rainfall and the dynamics that are involved. The study focuses generally on classifying 
the synoptic patterns inducing heavy rainfall in SA and specifically on understanding the 
climatology of the Red Sea Low Level Jet (RSLLJ) and its role in moisture advection toward 
the central Red Sea as well as understanding the dynamics behind the jet formation. The 
study uses 15 years of observed daily rainfall and the National Center for Environmental 
Prediction-National Center for Atmospheric Research (NCEP/UCAR) reanalysis data set to 
classify the synoptic patterns using a correlation-based map pattern classification. The ERA-
Interim dataset from the European Center for Medium-Range Weather Forecasts (ECMWF) 
was used to create a detailed climatology of the RSLLJ for a 10-year period. The structure 
and the causes of the RSLLJ were investigated using the Weather Research and Forecasting 
(WRF) model and the National Centers for Environmental Prediction (NCEP) Global 
Forecasting System (GFS) analyses data set. The results summarize six major synoptic 
features and classify 28 detailed synoptic patterns emerging from 186 cases of heavy rainfall 
in SA. The results also reveal that the RSLLJ is a relatively frequent phenomenon and the 
frequency of its occurrence varies according to location. The jet was found to have a 
significant role in moisture advection toward the central Red Sea area, which can contribute 
toward precipitation there. A linear relationship between the RSLLJ speed and the mean 
moisture concentration was observed in the central Red Sea region, where more moisture 
content was associated with greater jet speed. As for the jet causes, WRF simulations confirm 
that the RSLLJ is a terrain induced phenomenon that initiates as a gap flow as the jet forms 
 xii 
north of the strait of Bab el-Mandab as a result of a hydraulic effect when a stably stratified 
cool layer is channeled through the mountainous gap at low levels over the strait into the 
southern Red Sea. In addition, because the WRF successfully simulated the structure of the 
RSLLJ, the results reveal the usefulness of numerical simulations as an important analytical 
tool to investigate and examine weather phenomena in locations with scarce observations, as 




CHAPTER 1. GENERAL INTRODUCTION 
 
 Due to global warming and the increase in the energy of the atmosphere, the 
frequency and magnitude of heavy precipitation events are predicted to increase (Fowler and 
Hennessy 1995; Goswami 2006; Wentz et al. 2007). Extreme rainfall events have been 
increasing recently in Saudi Arabia and several floods have occurred within the last few 
years, which have gotten the attention of several researchers (e.g. AlKhalaf and Abdel Basset 
2013; Haddag and El-Badry, 2013). The impacts of these heavy precipitation events have 
been a great concern to the government, the civil forces, and the general public. Forecasting 
flood events is a challenging task and requires good understanding of the dynamics that are 
involved. The main dynamic that is usually responsible for precipitation is the appropriate 
synoptic set up. Flooding events evolve within a short time and, therefore, it is crucial to 
investigate the synoptic set ups that were present shortly before their occurrence. Knowledge 
of weather systems from the past will promote our understanding and improve the prediction 
of such systems in the future. The first goal of the present work is to classify the synoptic 
patterns that induce heavy precipitation (using a threshold) to provide detailed qualitative 
explanations about their dynamics and improve the short-range forecasting of severe weather 
in SA as well as to provide a guide for local forecasters to predict flood disasters and reduce 
losses. 
 The scope of the present work narrows down to a phenomenon that occurs over the 
southern Red Sea in winter, which is associated with one of the classified synoptic patterns 
that produce heavy precipitation in the western region of SA. This phenomenon is known as 




Marengo et al., 2004), wind energy resources (e.g. Storm et al., 2009), dust mobilization (e.g. 
Ge et al., 2016), aviation and marine transportation. The second goal of the current work is to 
examine the frequency of the RSLLJ over the southern Red Sea during the winter and to 
create a detailed climatology of it, as well as investigate its potential role in moisture 
transport from lower to higher latitudes over the Red Sea which seems to contribute to winter 
precipitation, particularly in the western region of SA. 
 Since previous works have not sufficiently addressed the causes of the RSLLJ 
development, the third goal of the present work consists of investigating the major dynamics 
that contribute to its development and examining its three-dimensional structure using the 
Weather Research and Forecasting (WRF) model. A good understanding of the nature of the 
wind flow in the southern Red Sea would definitely benefit weather forecasting, wind energy 
interests, and reduce hazardous impacts on aviation and marine transportation in this region. 
 
Dissertation organization 
 This dissertation contains a total of five chapters. Chapter one presents a general 
introduction on the topics of the dissertation. Chapters two and three are versions of 
published papers.  Chapter four is a version of a manuscript that has been submitted for 
publication. The final chapter contains general conclusions that can be drawn from the 
contents of this dissertation. 
 All of the analyses and the interpretations of the results were done by Ahmad 
Samman. Dr. William A. Gallus, Jr. has contributed considerably to all papers through his 
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Abstract 
 This study investigates the synoptic patterns associated with the development of 
heavy rainfall in five different regions in Saudi Arabia. Different synoptic patterns were 
derived for the heavy rainfall events using a correlation-based map pattern classification 
applied to 1000 hPa gridded NCEP/UCAR reanalysis data for the period 2000-2014. The 
study summarizes six major synoptic features and classifies 28 detailed synoptic patterns 
emerging from 186 cases. The derived synoptic patterns differ significantly at lower levels 
but are relatively similar at upper levels. Heavy rain events were most frequent in winter and 
then spring, while a small percentage occurred in fall in all regions in the country. In 
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1. Introduction 
 Scientists have predicted that the frequency and magnitude of heavy precipitation 
events will increase as a result of global warming due to the increase in the energy of the 
atmosphere (Fowler and Hennessy 1995; Goswami 2006; Wentz et al. 2007). While Saudi 
Arabia (SA) is thought of as an extremely dry location, it has experienced heavy precipitation 
events, including several flash floods during the wet period (November to April (Almazroui 
et al. 2012)) in the last two decades. 
 Several studies have been conducted to categorize and classify the synoptic patterns 
(SPs) responsible for the development of heavy precipitation events, to provide a deeper 
understanding of the environment and climate variability worldwide (Lamb 1950; Lund 
1963; Chen 2000; Huth 2000; Jiang et al. 2004; Weng et al. 2004; Raziei et al. 2012). Yarnal 
(1993) presented multiple examples of synoptic classification techniques, and indicated that 
researchers often used correlation-based analysis methods to establish a synoptic 
classification of atmospheric patterns. The bulk of previous studies concentrated more on the 
classification of large-scale atmospheric circulations related to specific regions, and long 
periods were considered to investigate the climatic variability of different meteorological 
variables, including precipitation. 
Kidson (1994a) classified nine years of daily 1000 hPa fields into 13 synoptic groups 
to investigate the predominant wind directions in New Zealand. In a following work, the 
author tested the synoptic groups’ relationship with daily and monthly variation in 




helpful in estimating values for some meteorological variables (Kidson 1994b). Romero et al. 
(1999) derived 19 synoptic patterns for the Spanish Mediterranean area using correlation-
based and cluster analyses of 925 hPa and 500 hPa levels for the period 1984-1993. They 
were able to find a clear association between the derived SPs and a small number of rainfall 
patterns. Bischoff and Vargas (2003) derived eight circulation types from 500 hPa circulation 
anomaly maps for southern South America, also by using correlation-based classification.  
 In the Middle East area, weather type classifications have been limited to the Eastern 
Mediterranean region (Alpert et al. 2004; Tsvieli & Zangvil 2005) which is influenced by 
frequent cyclones forming over the Mediterranean. This influence on the region emerges 
mostly in winter, when the cyclones often are centered over Cyprus (Alpert et al. 1990). 
Another well-known frequent synoptic pattern in the Middle East is the Red Sea Trough 
(RST). The RST is considered a northeastern extension of the Sudan Monsoon Low, centered 
over Sudan, and first described by Ashbel (1938) and El-Fandi (1948). The RST influences 
the eastern Mediterranean region in October, November, and April, while the frequency of its 
occurrence is slight from June through August (Tsvieli and Zangvil 2005). The RST shifts 
westward from September to January and shifts eastward from February to May due to the 
seasonal movement and perturbation of the Sudan Low. Several studies have analyzed the 
synoptic patterns and the dynamics of some individual flooding and heavy precipitation 
events in this region (Zangvil and Izacson 1995; Krichak and Alpert 1998; Dayan et al. 2001; 
Ziv et al. 2005; AlKhalaf and Abdel Basset 2013). 
 Since the beginning of the 21st century, interest in the study of climate variability and 
climatology has increased, particularly as it relates to global warming (Alpert et al. 2004). 




Almazroui et al. 2013; Almazroui et al. 2014). Most works have concentrated on the 
atmospheric circulation, synoptic patterns, and precipitation climatology. Much less research, 
however, has classified the patterns and investigated the short-range forecasting of severe 
weather, particularly heavy precipitation. Thus, the present work will contribute new insight 
related to dynamical heavy precipitation forecasting in SA on the synoptic scale. It will 
provide a reference to the synoptic patterns and the nature of the flow responsible for heavy 
precipitation in most regions of SA as well as provide a guide for local forecasters to predict 
flood disasters, reducing losses. 
 
2. Data and methodology 
 Twenty seven weather stations spanning the country, except the southeastern part 
where the Empty Quarter is located, were used to select the heavy rainfall events (Table 2.1). 
For the period 2000-2014 on which the present study focused, major meteorological 
variables such as surface pressure, temperature, relative humidity, wind speed, wind 
direction, and daily rainfall were examined. Gao et al. (2013) presented several methods to 
identify extreme precipitation and suggested using the 90th and the 95th percentiles of 
precipitation distribution as threshold to indicate heavy and very heavy precipitation events 
respectively. Therefore, for the purpose of the present study, the 90th percentile of the 
observed rainfall for each station (excluding the zero values) for the period of the study were 
calculated. The minimum among all of the 90th percentiles at all stations was 7 mm, 
excluding Wadi Aldwaser (WD), which receives the lowest rainfall due to its location west 
of the Empty Quarter and east of the southwestern mountains. Therefore, 7 mm was used as 




taking place in the region, the threshold value must have been observed from at least two 
stations. This process resulted in 186 heavy rainfall events. 
 For the purpose of this study, the country was divided into five regions: Northern, 
Western, Central, Eastern, and Southern (Figure 2.1). This regionalization was performed for 
two reasons. First, due to the extended area and variable topography of SA as well as its 
latitudinal location (16°N-32°N), different weather systems propagate into the region and 
affect the weather in different ways. For example, winter precipitation in the north of the 
country is influenced by mid-latitude cyclones. Summer precipitation occurs only in the 
southwest, which has high elevation terrain. The west is influenced by the RST that 
propagates from the southwest, and the east is influenced by low-pressure systems centered 
over SA. Thus, regions were chosen based on similar weather systems and topographic 
characteristics. Second, the areas examined in some previous studies, such as the Iberian 
Peninsula and New Zealand, were smaller than SA, and thus it was felt that sub-regions 
should be defined that would have comparable areas to those used in previous studies. 
 The Lund correlation-based classification was adopted for the SP classification (Lund 
1963). This method was chosen for the present study to retain simplicity in the classification 
procedure, since the sample size used in the present study is relatively small (186 cases). 
According to Bischoff and Vargas (2003), the Lund’s classification technique reveals the 
most common types of atmospheric circulation over a region and is notable for its 
preservation of full type structures as well as its simplicity. 
 The large-scale gridded meteorological data used to derive the SPs came from the 
National Center for Environmental Prediction-National Center for Atmospheric Research 




latitude/longitude and are available globally every 6 hours at 00Z, 06Z, 12Z, and 18Z. The 
data are composed of 17 pressure levels, and include three-dimensional variables such as the 
U and V wind components, geopotential heights, temperature, omega, specific and relative 
humidity. The calculation was made for each region using the gridded data within the 
domains shown in Figure 2.2.  
 After the heavy rainfall events were selected, satellite infrared images were utilized to 
verify the presence of clouds in the region as well as to select the time of the initial synoptic 
map that was used to derive the synoptic classification. The satellite images were obtained 
from the Satellite inventory of the Space Science and Engineering Center at the University of 
Wisconsin-Madison (http://inventory.ssec.wisc.edu/inventory/) and the University of 
Dundee, UK (http://www.sat.dundee.ac.uk/auth.html). The times used for the synoptic 
pattern analyses were chosen based on the beginning time of cloud formation in the study 
region. For example, if clouds started to appear at 09 UTC, the synoptic analysis map of 06 
UTC was considered to represent the synoptic pattern prior to the precipitation event. 
 A cluster of 1000 hPa geopotential height maps for each region was created and each 
map was correlated with every other map to identify the frequency of the repeated SPs. The 
most attention was given to the surface fields as these exhibited substantial differences, while 
the upper level features (represented by 500 hPa geopotential heights) were relatively similar 
in all events. A correlation matrix was generated and the cluster of maps that had a 
correlation value greater than 0.7 was grouped as one SP of the classification. Composites of 
maps with high correlation (i.e. greater than 0.9) were created to represent different SPs for 
each region. The SPs were given names based on the main synoptic feature that was present 




conditions). Each SP name starts with an abbreviation of the region followed by a dash, and 
then an abbreviation of the main synoptic features represented in the SP followed by another 
dash, and finally a letter if the main synoptic feature is repeated with minor differences in the 
characteristic, location or orientation. For example, one of the classified SPs for the Northern 
region is N-RST-A. The N represent the Northern region, RST represents the main synoptic 
feature that is present (Red Sea Trough), and A indicates that this pattern represents the first 
orientation or location of the main synoptic feature. This letter is not used for SPs that do not 
have relatively similar or repeated main synoptic features. The plots of the SPs were created 
using the Grid Analysis and Display System (GrADS).  
 
3. Synoptic pattern classification 
 Studies have shown that there is significant relationship between the lower level 
vertical motion and the mid-level vorticity advection associated with a mid-level trough axis 
in the synoptic scale (e.g., Holton 1992). In the majority of the cases examined in the present 
study, a 500 hPa trough was positioned over Eastern Africa or the Red Sea area, providing 
500 hPa divergence over the region of interest and hence upward motion. The mid-level 
upward motion was also influenced by the Sub Tropical Jet (STJ), which exists during the 
fall, winter, and spring at 200 hPa in the sub-tropics. Two areas of divergence associated with 
the wind speed maxima within the jet stream (jet streak), which are favorable for ascending 
motion, were present in most of the cases (right entrance and left exit). It is known that the 
STJ reaches its maximum speed at 200 hPa  (>65 m/s) over northern and northeastern Africa 
in winter, which influences the weather of these regions as well as in SA (Ziv et al. 2005; 




 Analyses of different storms that occurred over the regions showed that most of the 
moisture transport comes from the Arabian Sea, the Red Sea (RS), and tropical African areas 
(Dayan and Abramaski 1983; Zangvil and Izacson 1995; Krichak and Albert 1998; Ziv et al. 
2005; AlKhalaf and Abdel Basset 2013). On the other hand, the present study found that 
some of the events that occurred in the Eastern and Central regions were influenced by some 
moisture transport from the Arabian Gulf. In addition, some of the Southern region cases 
were influence by moisture provided only from the Red Sea. In general, a close relationship 
exists between the SPs and rainfall in each region, with significant dynamics (large-scale 
ascending motion) aiding in the production of precipitation. 
 Regarding the total number of events in the period of the study and the number per 
season of the selected events, the Northern and the Southern regions have the most cases with 
24% and 25% of the total, respectively (Table 2.2). The Western region had 21% and the 
combined Central and Eastern regions had 20%, while the lowest number of cases occurred 
in the Eastern region (6%) and the Central region (3%) alone. In the Northern, Western, 
Eastern, and the combined Central and Eastern regions, the majority of the cases occurred in 
winter. Winter precipitation, however, was the lowest in the Southern region. Precipitation 
was more favorable in the fall in the Western, the combined Central and Eastern, and the 
Eastern regions, and in the spring in the Central and the Southern regions. The Southern 
region on the other hand was the only region that received heavy precipitation in the summer 
(Figure 2.3).  
 The present study found six general synoptic features as 1) Red Sea Trough (RST); 2) 
Arabian Peninsula Low (APL); 3) Persian trough (PT); 4) Red Sea Low (RSL); 5) vertically-




Mediterranean Cyclogenesis (MC). The RST feature, which influenced the precipitation 
everywhere, is much more common than the other features except in the Eastern region 
where the APL and the PT are more common, and the RSL effect is limited to the Western 
and Southern region, while the effect of the LPS and the MC features are limited to the 
Northern region (Table 2.3). In general, a total of 28 SPs were found to influence 
precipitation in SA. The heavy precipitation was produced from 9 SPs in the Northern region, 
4 SPs in each of the Western and Eastern regions, and 5 SPs in the Southern region, while 6 
SPs produced precipitation in the combined Central and Eastern regions and 2 influenced 
only the Central region. Detailed descriptions of each SP for these regions are presented in 
the next subsections. However, the primary focus of the discussion will be on the main 
synoptic features that are present in this classification.  
 
3.1 The Red Sea trough (RST) 
 The RST was found to substantially influence the precipitation in the country through 
the fall, winter and spring seasons by advecting moisture from the Red Sea and the Arabian 
Sea toward the north ahead of it. The RST is associated with an upper level trough at 500 hPa 
and a jet streak at 200 hPa within a westerly STJ. The location, as well as the magnitude of 
the upper level features, contributed to the location and the orientation of the RST and the 
influence of this SP on the precipitation in each region. The RST was related to 50% of the 
events in the Northern, 62% in the Western, 63% in the joined Central and Eastern, 43% in 
the Eastern, and 46% of events in the Southern region (Table 2.3). Three RST SPs were 
categorized that influence the precipitation for each of the Northern and Southern regions (N-




region and the combined Central and Eastern regions (W-RST-A, W-RST-B, CE-RST-A, 
and CE-RST-B), and one for the Eastern region (E-RST). These SPs are shown in Figures 
2.4, 2.5, and 2.6, and their main features and influence zones are summarized in Table 2.4. 
 In 41% of the RST events in the north, 71% in the west, and 13% in the combined 
Central and East, the orientation of the trough was northwest-southeast (N-RST-A, W-RST-
A, and CE-RST-B) (Figures. 2.4a, 2.4d, and 2.5b). The orientation was north-south in 32% of 
the events in the north (N-RST-B), 29% in the west (W-RST-B), and 57% in the south (S-
RST-A) (Figures 2.4b, 2.4e, and 2.6a), while in 27% of the events in the north (N-RST-C) 
and 14% in the south (S-RST-B), the orientation was northeast-southwest (Figures 2.4c and 
2.6b). In most of the events in the Central and Eastern regions (CE-RST-A and E-RST), and 
in 29% of the events in the Southern (S-RST-C), the orientation of the RST was west-east 
(Figures 2.5a, 2.5c, and 2.6c). In addition to the RST, a ridge was present east of it over the 
Arabian Peninsula, and it enhanced the speed of the flow over the influenced regions in the 
W-RST-A and S-RST-A SPs. In the W-RST-B SP, the RST was associated with a low 
pressure system over the west side of the Northern region bringing north-northwesterly cold 
flow and providing a convergence zone over the central Red Sea and the Western region 
areas. In the CE-RST-A SP, the trough propagated eastward between 20-26°N and 42-52°E 
and influenced the combined Central and Eastern regions, and the trough did not extend east 
of 48°E for the Central region’s few cases. However, for the Eastern region cases, the trough 
propagated further east to 56oE. The RST in the CE-RST-B SP was pulled northward as a 
result of the strong upper level dynamics (deep trough) west of the combined Central and 
Eastern region, which changed the direction of the flow at the surface and the zone 




 The orientation and the location of the RST depend significantly on the upper level 
pattern. It was found that the axis of the upper level trough at 500 hPa is west of the 
influenced region and usually shifts eastward between 30-36°E in the events of the Northern, 
Western, and Southern regions, while the axis moves to between 37-42°E in the events of the 
Central and Eastern regions. The location of the 500 hPa trough provides an area of 
divergence downstream of it controlling the location of the RST at the surface and causing 
rising motion to produce precipitation. The deeper 500 hPa trough assists the RST 
propagation further northward and eastward to influence the precipitation in the events of the 
Northern region and in the combined Central and Eastern regions in the CE-RST-B SP due to 
the stronger divergence downwind of the trough. The lift at the lower levels is also 
influenced by the location of the jet streak at 200 hPa, which is south-southwest of the 
Northern region in the N-RST-A, N-RST-B, and N-RST-C SPs, and it is consisted with the 
idea that the left exit region enhances the lift for the events in the Northern region (Figures 
2.4a, 2.4b, and 2.4c). In the W-RST-A SP in the west, CE-RST-A SP in the combined 
Central and Eastern region as well as in the S-RST-A SP, the jet streak is northeast of the 
influenced regions where the lift is enhanced beneath the right entrance region of the jet 
streak (Figures 2.4d, 2.5a, and 2.6a).  
 The surface flow associated with the N-RST-A, N-RST-B, W-RST-A, W-RST-B, and 
CE-RST-B SPs is south-southeasterly, transporting moisture from the south and moving it 
toward the RST trough axis. For the N-RST-C SP in the Northern region, the CE-RST-A and 
E-RST SPs in the Central and Eastern regions, and the S-RST-B SP in the Southern region, 
the flow is south-southwesterly. However, the mountains significantly influence the flow in 




The flow of the S-RST-A SP is east-southeasterly converging with southerly flow over the 
western part of the region. The associated flow with the S-RST-C SP is south-southwesterly 
over the southern part colliding with easterly flow over the northern and the western parts of 
the region. 
 The differences in the orientation of the RST with each SP are important in 
determining the direction of the flow and thus where the strongest forcing and the heaviest 
precipitation exist. In the north, the average precipitation produced from N-RST-A, N-RST-
B, and N-RST-C is greater around the trough axis in the northern, central, and northwestern 
areas, respectively (Figures 2.4a, 2.4b, and 2.4c). In the west, the average precipitation 
produced from both RST SPs has relatively similar patterns, more in the south and the 
southwestern parts of the region, decreasing gradually northeastward, except that the 
precipitation is greater in W-RST-B SP due to the convergence zone between the north-
northwesterly cold flow and south-southeasterly warm flow over the region (Figures 2.4d and 
2.4e). The average precipitation associated with the CE-RST-A SP is greater in the 
northwestern part of the combined Central and Eastern regions, while for the CE-RST-B SP, 
it is greater around RY and decreases gradually around it (Figures 2.5a and 2.5b). When the 
CE-RST-A SP influences only the Eastern region, the precipitation is greater in the western 
part and less in the northern part of the Eastern region (not shown), while it is less in the 
southeastern part. For the E-RST SP, a high is present to the northwest of the Eastern region 
and the north-northwesterly wind from the high results in a convergence zone as the air 
meets with moister southerly-southeasterly flow and produces heavy precipitation in the 
northwestern part of the Eastern region with a decrease gradually southeastward (Figures 




addition to the synoptic forcing, the heaviest amounts are primarily at high elevation stations 
where the three RST SPs (S-RST-A, S-RST-B, and S-RST-C) produce the heaviest amounts 
in the western part of the region (Figures 2.6a, 2.6b, and 2.6c). 
 
3.2 Arabian Peninsula Low (APL) 
 A low pressure over the Arabian Peninsula, usually in the area between 23-26°N and 
24-50°E, characterizes this synoptic feature. This feature produced precipitation in the 
Northern, combined Central and Eastern, and Eastern regions in the fall, winter and spring. In 
the summer, however, the APL is a thermal low and does not produce heavy precipitation 
except in the south due to the lack of moisture and the dry conditions over the country. This 
low influenced the precipitation in 9% of the events in the Northern region, 14% in the 
combined Central and Eastern region, 57% in the Eastern region, and the summer cases (26% 
of total events) in the Southern region, where it has an indirect effect on the precipitation in 
the region (via upslope into the southwestern mountains exposed to the resulting flow) (Table 
2.3). For the Northern and Southern region, one SP was found for each region (N-APL and 
S-APL) (Figures 2.7a, 2.8b), and three and two SPs for the Eastern (E-APL-A, E-APL-B, and 
E-APL-C) and the combined Central and Eastern (CE-APL-A and CE-APL-B) regions, 
respectively (Figures 2.7b, c, d, e, and 2.8a). However, this low does not produce heavy 
precipitation in the Western region. The main features of this mechanism and their influence 
zones are summarized in Table 2.5. 
 For all regions except for the Southern, an upper level trough is present at 500 hPa 
over the Red Sea around 35°E with relatively fast flow downstream of the trough axis in this 




the jet streak at 200 hPa, which is southwest of the influenced region, enhances the lift 
associated with this low. On the other hand, the position of the thermal APL in the summer 
(S-APL) influences the flow over the Southern region, which is west-northwesterly in the 
western part of the region and contributes to the precipitation in the region as the flow is 
forced to rise over the terrain, producing heavy precipitation in the Southern region. The 
precipitation is also influenced by the convergence of the westerly flow and the south-
southwesterly flow that moves toward the center of the APL in the southeastern part of the 
Southern region (Figure 2.8b).  
 The nature of the flow in the synoptic scale associated with the APL differs from one 
SP to another although the flow is mostly southeasterly. The strongest forcing associated 
with the APL is located at the northern side of the APL and influences the precipitation there 
as in the N-APL SP for the Northern region and E-APL-A, E-APL-B, and E-APL-C for the 
Eastern region. In the north, the humid flow over the Arabian Peninsula is mostly southerly 
and the APL SP (N-APL) produces more rainfall west of the trough axis in the northern and 
eastern parts of the region (Figure 2.7a). In the east, the prominent flow in the E-APL-A and 
E-APL-B is southerly south of the Eastern region and north-northwesterly west of the region. 
The precipitation produced from the E-APL-A SP occurs in the whole Eastern region with 
greater amounts on average in the east, while in the E-APL-B, the presence of a high pressure 
system over the northwest of the country allows for west-northwesterly cold flow in the 
western part of the Eastern region and limits the precipitation to the eastern part (Figures 2.7d 
and 2.7e). The pattern of the average precipitation produced from the E-APL-C, on the other 
hand, is similar to the E-APL-B except that it is greater and the flow is mostly northerly west 




the presence of a high-pressure system northeast of the region (Figure 2.8a). The flow that 
influences the combined Central and Eastern region in the CE-APL-A SP is south-
southwesterly, converging at the north central part of the regions to concentrate the 
precipitation in the north and northwestern part of the regions, while easterly flow prevails 
over the northern part and southerly over the southern parts of the regions in the CE-APL-B 
SP, resulting in precipitation in the central and eastern parts of the regions (Figures 2.7b and 
2.7c).  
 
3.3 Persian trough (PT) 
 This synoptic feature consists of a short wave trough at 1000 hPa over the Arabian 
Gulf, and it can propagate northwestward to influence the Northern, Central and Eastern 
regions. The main synoptic features and the influence zones of the SPs associated with this 
mechanism are summarized in Table 2.6. This trough produced precipitation in 24% of the 
events in the combined Central and Eastern region, 40% in the Central region, and only 5% 
in the Northern region (Table 2.3). The trough influenced the Northern and Central regions in 
the spring. In the fall and winter, it influenced the combined Central and Eastern region in 
89% of the events, while in the other 11% the trough influenced the precipitation in the 
spring. One SP was classified for the Northern region (N-PT) and two SPs for the combined 
Central and Eastern region (CE-PT-A and CE-PT-B) (Figures 2.9a, 2.9b, and 2.9c). The CE-
PT-A SP influenced the combined Central and Eastern region 80% of the time (4 cases), and 
it influenced the Central region alone 20% (1 case) of the time. The infrequent CE-PT-B SP 




 The PT is associated with a 500 hPa trough positioned west of the influenced region 
in the N-PT SP for the Northern region and CE-PT-A and CE-PT-B SPs in the combined 
Central and Eastern regions. The 200 hPa STJ is oriented northeast-southwest placing the 
influenced regions east of a trough and southwest of the jet streak where the lift is enhanced 
(right entrance) in the N-PT and CE-PT-A SPs. In the CE-PT-B SP, on the other hand, the jet 
streak was positioned to the west-southwest of the combined Central and Eastern region 
where the lift is enhanced beneath the lift exit region.  
 At the surface, the flow is mostly northeasterly in the influenced regions. However, as 
was the case in the previous features, the influence zones are different for each of the SPs due 
to the location of the PT and the upper level features. In the north, the trough axis was 
located northeast of the region and the average precipitation was greater west of the axis in 
the western and northern parts (Figure 2.9a). In the combined Central and Eastern regions, 
the CE-PT-A SP consists of the PT east and northeast of the regions with a ridge west of the 
regions and the RST west of the Red Sea (Figure 2.9b). The associated precipitation with this 
SP occurred between the PT and the ridge and is greater in the western, central and eastern 
parts of the combined Central and Eastern region and less in the northern and southern parts 
(Figure 2.9b). The CE-PT-B SP consists of a shortwave over the combined Central and 
Eastern regions with a low-pressure system and a high-pressure system to the southeast and 
northeast of the regions, respectively (Figure 2.9c). This results in rising motion west of the 






3.4 Red Sea low (RSL) 
 The RSL is a low-pressure system that forms at the surface over the central and 
southern Red Sea areas, and influences the Western and Southern regions, respectively. It is 
associated with a 500 hPa trough over northeastern Africa between 30-36°E and a westerly 
STJ over the regions, with the jet streak located over the northeastern part of the influenced 
regions enhancing the lift. This synoptic feature was associated with 39% and 28% of the 
events in the Western and Southern regions, respectively (Table 2.3). The present study 
classified two SPs for the Western region (W-RSL-A and W-RSL-B) where the RSL was 
located southwest of the region, and one SP for the Southern region (S-RSL) where the RSL 
was located west of the region (Figures 2.10a, 2.10b, and 2.10c). A summary of the main 
synoptic features of the RSL SPs and their influence zones in all regions is given in Table 
2.7. 
 The associated flow with the RSL at the surface relative to each of the Western and 
Southern regions is southerly and southwesterly. In the west, 46% of the RSL events were 
associated with the W-RSL-A SP, where the prominent flow over the southern part of the 
Red Sea is southerly allowing for plentiful moisture transport (Figure 2.10a). The flow 
curves toward the west and converges over the region around the low-pressure area and 
produces heavy precipitation over the northwestern part and moderate precipitation in the 
northeastern and southern parts of the region (Figure 2.10a). The W-RSL-B SP, on the other 
hand, was associated with 54% of the RSL event, and it is different from the W-RSL-A in 
that the flow is mostly northerly over the Red Sea, limiting the moisture transport to the 
region from the south compared with the previous SP (Figure 2.10b). The average 




in magnitude (Figure 2.10b). In the Southern region, the flow in this SP is south-
southwesterly, and the precipitation produced over the mountains and the western part of the 
region is greater than the precipitation east and south of the region (Figure 2.10c). 
 
3.5 Low pressure systems (LPS) 
 In the Northern region, low-pressure systems with their associated warm and cold 
fronts, accompanied by strong upper-level forcing, were one of the synoptic features that 
produced heavy precipitation. These LPSs are associated with deep upper level troughs at 
500 and 200 hPa, with a jet streak located at the trough axis at the 200 hPa level.  LPSs were 
associated with 23% of the events in the Northern region and were frequent in the winter and 
the spring (Table 2.3). 
 The present study classified three SPs for this synoptic feature, which are N-LPS-A, 
N-LPS-B, and N-LPS-C (Figures 2.11a, 2.11b, and 2.11c). The three SPs were relatively 
similar in the surface and the upper levels fields. However, the LPS in the N-LPS-A and N-
LPS-C SPs are centered at (31°N, 40°E) and (33°N, 38°E), respectively, and they are 
associated with deep upper level troughs located to the west of the region around 34°E 
(Figures 2.11a and 2.11c). The N-LPS-B SP, on the other hand, features a low pressure 
centered around (31°N, 45°E) and the axis of the upper level troughs over the west of the 
Northern region around 36°E (Figure 2.11b). The flow is mostly southerly in the N-LPS-A 
SP and produces greater precipitation in the northern and eastern sectors (Figure 2.11a). The 
N-LPS-B SP results in surface northeasterly relatively warm flow colliding with westerly 
flow over the region, producing precipitation mostly in the northern part with less 




cut-off from the RST that propagates northeastward, and they provide west-northwesterly 
cold flow that collides with southerly warm humid flow, resulting in a strong frontogenesis 
zone over the region (Figure 2.11c). This SP produced substantial rainfall over the entire 
region with substantial average precipitation in the western parts of the region (Figure 2.11c). 
The main synoptic features and their influence zones of the SPs associated with these LPSs 
are summarized in Table 2.8. 
 
3.6 Mediterranean cyclogenesis (MC) 
 Cyclones frequently form over the Mediterranean Sea in the winter, influencing the 
Northern region when they move eastward into the eastern Mediterranean area (not shown), 
where their associated troughs provide westerly-northwesterly cold flow over the Northern 
region. This synoptic feature was associated with 14% of the Northern region’s events, and 
the present study classified only one SP (N-MC) that influences the precipitation there 
(Figure 2.11d). The cold front associated with the low moves eastward and produces 
substantial winter precipitation in the western sector, with precipitation decreasing gradually 
eastward in the presence of the southerly warm flow (Figure 2.11d). The low-level wind field 
is accompanied by a mid-level trough that has an axis located west of the Red Sea, as well as 
a jet streak associated with the STJ to the west of the Northern region during the winter 
which enhances the lift over the Northern region.  
 
4. Summary and conclusion  
 The present study defined a total of 28 SP classes associated with the development of 




Northern, Western, Central, Eastern and Southern. The heavy rainfall events were chosen 
using the 90th percentile of daily precipitation as a threshold. The classification was 
accomplished by using a correlation-based analysis of the synoptic patterns of the 1000 hPa 
field for the heavy rainfall events in the area during the period 2000-2014. The 500 and 200 
hPa levels were relatively similar in most of the cases. In general, six main synoptic features 
that influence the precipitation were identified: RST, APL, PT, RSL, LPS, and MC. Some of 
these features contribute to the precipitation in all regions while others are associated with 
precipitation in a subset of the regions. The present study classified 9 SPs for the Northern, 4 
SPs for the Western, 6 SPs for the combined Central and Eastern, 4 SPs for the Eastern, and 
5 SPs for the Southern region. 
 The majority of the classified events in the present study occurred in the fall, winter, 
and spring seasons while a small percentage occurred in the Southern region in the summer. 
The primary upper level features examined, the 500 hPa trough and the 200 hPa STJ, were 
present in all SPs (except for the summer cases) and play a significant role in the initiation, 
propagation, and organization of the surface features over the country. The most frequent 
synoptic feature that produces heavy rainfall in every region was the RST, which represented 
50%, 62% 43%, 63%, and 46% of the cases in the Northern, Western, Eastern, combined 
Central and Eastern, and Southern regions, respectively. The RSL influenced the 
precipitation in the Western and Southern regions in addition to the RST and it was 
associated with 39% of the cases in the west and 28% in the south. The PT and the APL SPs 
influenced the precipitation in the Northern, Central, and the Eastern regions. The upslope 




cases) in the Southern region.  The influence of the LPS and the MC features was limited to 
the Northern region. 
 The results presented in this study provide detailed qualitative explanations about the 
dynamics and the nature of the flow that contributes to heavy precipitation in Saudi Arabia. 
Understanding the synoptic features that have great influence on the precipitation in the 
country is an initial step toward understanding mesoscale features that are often important in 
generating flooding which seems to have become more frequent during the last 10 years. 
Moreover, this classification can help operational forecasters, allowing the estimation of the 
location of the influence zone occurring with each pattern and some guidance on the possible 
severity of the events.  The results may be a first step toward improving forecasting in this 
part of the world. In the future, the reliability of this classification should be examined 
further considering false positives. 
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Table 2.1 Information for the stations in SA for the Northern, Western, Central, Eastern, and Southern regions. 






TURAIF TR 38.7 31.6 852 
GURAIT GT 37.2 31.4 610 
ARAR RR 41.1 30.9 332 
ALJOUF JF 40.9 29.7 689 
RAFHA RF 43.4 29.6 449 
TABOUK TB 36.6 28.3 778 
HAIL HL 41.6 27.4 1002 





ALQAISOMAH PA 46.1 28.3 358 
HAFRBATEN KK 45.5 27.9 414 
DHAHRAN DR 50.1 26.2 17 




l GASSIM GS 43.7 26.3 648 
RIYADH RY 46.7 24.9 620 






MADINA MA 39.6 24.5 636 
YENBO YN 38 24.1 8 
JEDDAH JN 39.1 21.7 15 
MAKKAH MK 39.7 21.4 369 






BAHA BA 41.6 20.2 1652 
BISHA BH 42.6 19.9 1163 
ABHA AB 42.6 18.2 2093 
KHAMIS MUSH KM 42.8 18.2 2056 
NAJRAN NJ 44.4 17.6 689 
SHARURA SH 47.1 17.4 720 














Fall Winter Spring Summer 
 
Northern 24% (44) 11% (5) 57% (25) 32% (14) --- 9 
Western 21% (39) 36% (14) 44% (17) 21% (8) --- 4 
Central 2% (5) 20% (1) --- 80% (4) --- --- 
Eastern 8% (14) 36% (5) 43% (6) 21% (3) --- 4 
Combined Central and 
Eastern 
20% (38) 34% (13) 47% (18) 18% (7) --- 6 
Southern 25% (46) 15% (7) 9% (4) 52% (24) 24% (11) 5 










(%) SP (%) 
RST 
Northern 50% N-RST-A (41%) N-RST-B (32%) N-RST-C (27%) 
Western 62% W-RST-A (71%) W-RST-B (29%) —  
Central 60% CE-RST-A — — 
Eastern 43% CE-RST-A (83%) E-RST (17%) — 
Combined central 
and eastern 
63% CE-RST-A (87%) CE-RST-B (13%) — 
Southern 46% S-RST-A (57%) S-RST-B (14%) S-RST-C (29%) 
APL 
Northern 9% N-APL — — 
Eastern 57% E-APL-A (62%) E-APL-B (13%) E-APL-C (25%) 
Combined central 
and eastern 
14% CE-APL-A (80%) CE-APL-B (20%) — 
Southern 26% S-APL — — 
PT 
Northern 5% N-PT — — 
Central 40% CE-PT-A — — 
Combined central 
and eastern 
24% CE-PT-A (89%) CE-PT-B (11%) — 
RSL 
Western 39% W-RSL-A (46%) W-RSL-B (54%) — 
Southern 28% S-RSL — — 
LPS Northern 23% N-LPS-A (50%) N-LPS-B (30%) N-LPS-C (20%) 






Table 2.4 Summary of the major synoptic features of each RST SP and their influence zones (including cities). 
SP Major Synoptic Features Influence Zones 
N-RST-A Deep 500 hPa trough west-northwest of the Northern region, 
surface Red Sea trough oriented northwestward, and a 200 
hPa jet streak to south-southwest  
Northern region, especially 
central and northern parts (AR, 
TR, RF, JF, HL) 
N-RST-B 500 hPa trough west-southwest of the Northern region, 
surface Red Sea trough with meridional axis, and a 200 hPa 
jet streak to south-southwest 
Northern region, especially 
central (JF), northern, and 
southwestern parts 
N-RST-C Northern region downstream of a 500 hPa trough, surface 
Red Sea trough oriented northeastward, and a 200 hPa jet 
streak to west-southwest 
Northern region, especially 
central and northern parts (GR, 
TR, JF); less influence in the 
western part (TB, WJ) 
W-RST-A 500 hPa trough west of Western region, surface Red Sea 
trough along the Red Sea providing southeasterly flow, and a 
200 hPa jet streak to the northeast  
Western region, especially 
central (MK, JN, TF) and 
northeastern parts (MD) 
W-RST-B 500 hPa trough west-northwest of Western region, RST over 
central Red Sea area providing southerly flow associated 
with another cyclone over the west side of the Northern 
region providing northerly flow, and 200 hPa jet streak over 
the W region 
Western region, especially 
southwest (JN, MK, TF); less in 
the northern parts (MD, YN) 
CE-RST-A 500 hPa trough west of combined Central and Eastern 
regions, surface RST with axis extending further east, and 
200 hPa jet streak to the northeast 
Central and Eastern regions, 
especially in northwestern part 
(PA, KK, GS) 
CE-RST-B Deep 500 hPa  trough west of the combined Central and 
Eastern regions, surface RST northward to the north-
northeast, and 200 hPa jet streak to the north-northeast 
Central and Eastern regions, 
mostly central part (RY) but also 
eastern part (DR, AH) 
E-RST High pressure system northwest of Eastern region and RST 
south-southeast, 500 hPa trough over the Red Sea, and 200 
hPa jet streak to the north-northwest 
Eastern regions, northwestern 




Same as CE-RST-A SP, but the RST trough axis is around 
56°E 
Eastern region, especially 
northern and eastern (PA, KK, 
DR); less south central (AH) 
S-RST-A Surface RST west of Southern region and a ridge to the east, 
500 hPa trough to the southwest and upper level ridge to the 
east, and 200 hPa jet streak to the northeast 
Southern region, especially 
northwestern (BA) and western 
parts (AB, KM) 
S-RST-B Surface RST west of Southern region, 500 hPa trough to the 
west, and 200 hPa jet streak to the northwest 
Southern region, mostly high-
elevated western stations (AB, 
KM) 
S-RST-C 500 hPa trough west of Southern region, surface RST 
extended eastward over the S region 
Southern region, especially 
western (AB, KM) and 






Table 2.5 Same as in Table 2.4, but for the APL SPs. 
SP Major Synoptic Features Influence Zones 
N-APL Surface low over the AP, associated with a 500 hPa trough 
west of the Northern region, and 200 hPa jet streak to the 
southwest 
Northern region, especially 
northern (TR, GR) and eastern 
parts (HL) 
CE-APL-A Low pressure system over combined Central and Eastern 
regions, and 500 hPa trough axis over northeastern Africa 
Northern and northwestern parts of 
the Central and Eastern regions 
(PA, KK, GS) 
CE-APL-B Low pressure system over southeastern part of combined 
Central and Eastern regions, 500 hPa trough axis over 
eastern Africa, and 200 hPa jet streak over southwestern 
part 
The central and eastern parts (RY, 
AH, DR) of the Central and 
Eastern regions 
E-APL-A Low pressure system south of Eastern region, a 500 hPa 
trough over the Red Sea, and a 200 hPa jet streak to the 
west-southwest  
Eastern region, especially 
southeastern part (AH, DR) 
E-APL-B Low pressure system south of Eastern region, high pressure 
system to the west, 500 hPa trough over the Red Sea, and 
200 hPa jet streak to the west-southwest 
Southeastern part of the Eastern 
region (AH, DR) 
E-APL-C A wide low pressure system south-southwest of Eastern 
region, 500 hPa trough over Red Sea, and 200 hPa jet 
streak to the west-southwest 
Similar to the E-APL-B except 
that the influence is slightly higher 
S-APL Low pressure system northeast of the Southern region and 
northwesterly wind over the region causing an upslope 
flow 
Southern region, especially 
southwestern (GN) and western 






Table 2.6 Same as in Table 2.4, but for the PT SPs. 
SP Major Synoptic Features Influence Zones 
N-PT General northeasterly wind at surface associate with the 
Persian trough, 500 hPa trough west of Northern region, 
and 200 hPa jet streak to the north-east 
The northern and western parts 
(TR, GR, TB, WJ, AR) of the 
Northern region 
CE-PT-A 500 hPa trough west of combined Central and Eastern 
region, 200 hPa jet streak to the northeast, and a PT east of 
the region and a ridge west of it at the surface 
Most of Central and Eastern 
regions, especially western, 
central and eastern parts (GS, 
RY, AH, DR) 
CE-PT-B 500 hPa trough northwest of combined Central and Eastern 
region, 200 hPa jet streak to west, and PT over the region 
associated with a low to the southeast 
Mostly in central part (RY), 
some in western (GS) and less in 






Table 2.7 Same as in Table 2.4, but for the RSL SPs. 
SP Major Synoptic Features Influence Zones 
W-RSL-A 500 hPa trough and STJ over northeastern Africa, 200 
hPa jet streak in northeastern part of Western region, Red 
Sea Low over central Red Sea at surface where flow is 
mostly southerly over the Red Sea 
Western region, especially 
northwest (YN); less in  
northeastern and southwestern 
parts (JN, MK, MA) 
W-RSL-B Similar to W-RSL-A pattern at upper levels, differs from 
W-RSL-A at the surface where the RSL is deeper and 
flow is mostly northerly over the Red Sea 
Southern part of the western 
region (JN, MK, TF) 
S-RSL Red Sea low west of Southern region, 500 hPa trough 
axis over northeastern Africa, and 200 hPa jet streak to 
the north-northeast 
Southern region, especially 





Table 2.8 Same as in Table 2.4, but for the LPS and MC SPs. 
SP Major Synoptic Features Influence Zones 
N-LPS-A Surface low pressure over Northern region associated with 
500 hPa trough, and 200 hPa jet streak to the south-west 
Northern (TR, GR) and eastern 
parts (JF, HL, RF) of Northern 
region 
N-LPS-B Surface low pressure east of Northern region associated 
with deep 500 hPa trough to the north-north-west and 200 
hPa jet streak to the south-south-west 
The northern part (TR, GR, AR, 
JF, RF) of the Northern region 
N-LPS-C Surface low pressure north-northwest of Northern region 
associated with deep 500 hPa trough to the west-north-west 
and 200 hPa jet streak to the south-west 
Northern region, especially 
western (WJ, TB) and northern 
(GR, TR) parts 
N-MC Northern region is downstream of 500 hPa trough, surface 
northwesterly flow associated with Mediterranean low 
colliding with southerly flow associated with a RST 
southwest of Northern region, and 200 hPa jet streak to the 
west  
Northern region, more influence 









Figure 2.1 The five regions defined in this study, (NR) Northern, (WR) Western, (CR) Central, (ER) Eastern, 
and (SR) Southern, with the 27 stations in each region identified (see Table 2.1 for the station names 






Figure 2.2 The geographic windows used for the pattern classification, labeled at the upper left corners: D1 for 
the Northern region, D2 for the Central and Eastern regions, D3 for the Western region, and D4 for 





Figure 2.3 The frequency of occurrence of heavy rain events in each region (percentage of the total number) as 






Figure 2.4 Composites of the SPs of the RST SP. The square indicates the region that is influenced by the SP. 
Each row represents one SP, with the left panel showing 1000 hPa geopotential height (10m 
contours) and average rainfall in mm (colored), the middle 500 hPa geopotential height (30m 
contours), and the right 200 hPa wind speed in ms-1 (5 ms-1 contours) with the shaded area 
representing the maximum speed, and the wind barbs showing the wind direction and speed in knots 

















 Figure 2.7 Same as in Figure 2.4, but for the APL SPs. a) N-APL, b) CE-APL-A, c) CE-APL-B, and d) E-APL-





























CHAPTER 3. A CLIMATOLOGY OF THE WINTER LOW LEVEL JET OVER THE 
RED SEA 
 
Modified from a paper published in 
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Abstract  
 This study presents the first climatology of the low level jet over the southern part of 
the Red Sea during the winter season. ERA-Interim pressure levels with 25 hPa vertical 
resolution were analyzed for a 10-year period from 2006-2015. The jet was found to be a 
relatively frequent phenomenon, occurring on 37% of all 6-hour time steps in all 10 years in 
the south at 13.5°N and 43°E, decreasing to 15% of the data farther north at 19.5°N and 
39°E. The core of the jet was usually close to the ground, with occurrence maximized at the 
925 and 950 hPa levels corresponding roughly to 540-800 m above sea level. The study 
defined three criteria for the jet based on peak wind speeds. The jets that met the weaker 
criterion were frequent north of the straight of Bab el Mandab in the far southern part of the 
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Red Sea. The jets that met the two stronger criteria were more frequent further north 
approximately between 14°-17°N and 39°-42°E. Although the jet was present in the strait of 
Bab el Mandab as found in earlier studies, the extension of the jet so much farther north 
suggests that other processes besides channeling must be acting to produce this jet. It also 
appears that the jet plays a significant role in moisture advection toward the central Red Sea 
region, which can contribute toward precipitation there since it was found that the moisture 
concentration increased in that region when the low level jet was present. It must be noted, 
however, that the present study relied upon reanalysis data to document the jet.  Upper level 
observations in the region are scarce, so caution should be used in the interpretation of the 
results.   
 




 Low level jets (LLJs) are regional phenomena characterized by wind speed maxima 
in the lower atmosphere (Stensrud, 1996). LLJs are an important mechanism for the 
meridional transport of heat and moisture (Cheinet et al., 2005; Marengo et al., 2004). 
Furthermore, LLJs can influence wind energy resources (Van Buskirk et al., 1998; Storm et 
al., 2009; Lebassi-Habtezion and Van Buskirk, 2012), carbon dioxide concentration (Mathieu 
et al., 2005) and dust mobilization (Liu et al., 2000; Washington et al., 2006; Fiedler et al., 




 The Red Sea is one of the major water bodies in the Middle East and is located 
between the Arabian Peninsula and northeastern Africa (Figure 3.1). The length of the Red 
Sea is about 2,250 km extending from 12.5°N to 30°N and its width is about 355 km. The 
topography along both sides of the Sea is complex with mountain chains close to the shore 
that extend parallel to the west coast of Saudi Arabia and Yemen, and the east coast of 
Eritrea and Sudan. The Arabian Peninsula’s terrain elevations vary between 800 – 3,000 m. 
Eritrea has a mountain range along the southeast coast with an elevation between 1000 – 
2000 m. These topographic features of the surrounding land areas of the southern Red Sea 
appear to play an important role in the low-level wind pattern of the region (Jiang et al., 
2009). 
 The wind pattern over the Red Sea is influenced by two monsoonal flows. During the 
summer, the wind over the Arabian Peninsula and entire Red Sea is north-northwesterly 
corresponding to the Indian monsoon circulation. On the other hand, the wind over the 
southern Red Sea (below 20°N) shifts in direction in the winter months to southeasterly. The 
shift in wind direction is a response to changes in the orientation of the surface pressure 
gradient with the strengthening during winter of the Central Asian high and the Sudan low 
and the formation of the southeast monsoon over the southern Red Sea (United States Naval 
Oceanography Command Detachment, 1993). The Red Sea Low Level Jet (RSLLJ), which is 
the focus of the present study, is associated with the southeast monsoon that occurs in the 
southern Red Sea in winter. 
Wind research over the Red Sea has historically focused on the surface flow (Van 
Buskirk et al. 1998; Jiang et al., 2009; Langodan et al., 2016) as well as induced water 




was first simulated and documented by Lebassi-Habtezion and Van Buskirk (2012) in their 
study of wind resources in Eritrea and refered to as the Eritrean LLJ. They limited their study 
of the wind to an area that includes the strait of Bab el Mandab, the Red Sea south of 14°N, 
and the Eritrean coasts. In addition, only a few researchers have considered the contribution 
of the RSLLJ to moisture transport and winter precipitation including flood events and winter 
precipitation in the western and northwestern regions of Saudi Arabia (AL-Khalaf and 
AbdelBasset, 2013; Deng et al., 2015; Samman and Gallus, 2018). Interestingly, this jet was 
present over the southern Red Sea prior to both flooding events that occurred in Jeddah in 
2009 and 2011. Of note, no previous studies have analyzed the northward extent of the 
RSLLJ beyond 14°N to cover most of the southern Red Sea area.  
The aim of the present study is to examine the frequency of the RSLLJ over the 
southern Red Sea during the winter and to create a detailed climatology of it, as well as 
investigate its potential role in moisture transport from lower to higher latitudes over the Red 
Sea which can contribute to winter precipitation.  
 In the following sections, we review previous studies and provide background on 
LLJs (Sec. 2), describe the data and the approach used (Sec. 3), present the RSLLJ 
climatology including its geopgraphic distribution, its vertical and horizontal structure, its 
diurnal and monthly variability, and its role in moisture advection (Sec. 4), and conclude 
with a summary and discussion of the cause of the RSLLJ and its potential influence on 






 Several mechanisms drive the formation of LLJs. The first is the inertial oscillation of 
the ageostrophic component of the wind when the turbulence of the mixed boundary layer is 
reduced after sunset, and decoupling from the surface occurs (Blackadar, 1957; Bonner, 
1968). As a result, the balance of the pressure gradient and Coriolis forces that takes place 
during the daytime collapses and an inertial oscillation in the wind is induced. This 
mechanism, however, is unlikely to have a substantial influence on the formation of the 
RSLLJ since the inertial oscillation is a function of latitude. The period for the inertial 
oscillation for the latitude of the southern Red Sea is long (~45 hours). Rife et al. (2010) 
developed an index to locate nocturnal LLJs around the world for the winter and summer 
seasons. Their index was developed based on the temporal variation of the vertical wind 
structure, and they were able to detected the well-known Great Plains LLJ of North America 
(Higgins et al., 1997) and the LLJ of South America, along with a few new LLJs in different 
parts in the world. The RSLLJ, however, was not detected in their study, supporting the idea 
that the inertial oscillation does not play a role in its formation. 
 Two other mechanisms for LLJ formation are shallow baroclinicity, and terrain 
effects. The LLJ can form in a shallow region of baroclinicity parallel to a horizontal 
temperature gradient that results from a horizontal gradient in the sensible and latent heat 
fluxes (Stensrud, 1996). Complex terrain can be a factor in the generation of baroclinicity 
that initiates LLJs, which was analyzed by Holton (1967). The horizontal temperature 
gradient can exist in areas of different terrain characteristics such as sea-land contrast near 
coastal areas or sloping terrain due to diurnal differential heating (Holton, 1967). The LLJs 




temperature gradient exists, and the strength of the jet can be influenced by any change in the 
temperature gradient. In addition, terrain effects such as channeling (wind flow within a gap 
along the valley axis), downslope (wind flow blowing down a slope), blocking (the blocking 
of the flow by high terrain), and the terrain-induced wind can result in different forms of 
LLJs as a result of thermally or dynamically induced baroclinicity (Liu et al., 2000).  
 Several examples of LLJs produced from flow channeling within a gap or strait exist. 
In North America, some examples are the jets in the Howe Sound of British Columbia 
(Jackson and Steyn, 1994) and the strait of Juan de Fuca in northwest Washington State 
(Mass et al., 1995). In Central America, other examples of gap wind are those that occur over 
the Gulf of Tehuantepic in Mexico and the Gulf of Papagayo in Nicaragua (Holbach and 
Bourassa, 2014). In Africa, other examples include the Toker gap wind in Sudan (Jiang et al., 
2009), and the Bodele gap wind in Chad (Washington et al., 2006). The far southern part of 
the RSLLJ just north of the strait of Bab el Mandab is also an example of a LLJ produced 
from channeling of the flow (Lebassi-Habtezion and Van Buskirk, 2012). These studies 
found that LLJs were produced when the flow accelerates within the channel in a synoptic 
regime involving a pressure gradient parallel to the channel. 
 Other terrain-driven LLJs include barrier and coastal jets. The flow within the barrier 
jet is nearly geostrophic, and the direction of the jet is parallel to the terrain (Parish and 
Oolman, 2010). Examples of the barrier jet can be found in many places around the globe. In 
the Gulf of California, the barrier LLJ is formed as a result of the geostrophic balance 
between the cross-gulf pressure gradient force produced from cooling over the sloped 
orography in addition to the synoptic field, and the coriolis force (Douglas, 1995; Anderson 




India’s western Ghats region (Prabha et al., 2011), the Lut Valley in Iran (Liu et al., 2000), 
and the Shamal wind over the Arabian Gulf (Giannakopoulou and Toumi, 2012). The coastal 
LLJ is found also along coasts in many different places around the globe. The thermal 
gradient between the land and ocean is mainly responsible for the formation of this coast-
parallel jet, which is in a state of near geostrophic balance due to sea-land temperature 
contrasts (Parish, 2000). Other factors such as the topography of the coastal land, upwelling, 
and the orientation of the coast may also play a role in the formation of this jet (Ranjha et al., 
2013). Some examples of coastal LLJs are the jets found near the coast of California (Parish, 
2000), the western Caribbean (Muñoz et al., 2008), the west coast of subtropical South 
America (Muñoz and Garreaud, 2005), and the coast of Somalia (Bannon, 1979; Hart, 1977). 
A study by Ranjha et al. (2013) detected coastal LLJs at the global scale and documented 
their global distribution, seasonal variability, and temporal structure. They found coastal jets 
near the west coast of Iberia, northwestern coast of Africa, southwestern coast of Africa, 
southeastern coast of the Arabian Peninsula, and Australia in addition to the aforementioned 
cases. Again, the RSLLJ was not detected in their study for the global distribution of coastal 
LLJs. 
 
3. Data and approach 
3.1. Data 
 The ERA-Interim dataset from the European Center for Medium-Range Weather 
Forecasts (ECMWF) (Dee et al., 2011) is used in this research. The data are available in 
spatial resolution of 0.75° X 0.75° latitude/longitude and temporal resolution of 6 hours 




geopotential heights, and specific humidity are used. The present study uses a 10-year period 
focusing on 2006-2015, a sufficiently long recent time period for meaningful statistics as 
well as including the flash flood events that occurred in Jeddah in 2009 and 2011. The ERA-
Interim dataset is chosen for the present study due to the lack of upper-level wind 
measurements over the Red Sea. In addition, it has been used for other climatological studies 
of LLJs (e.g. Fiedler et al., 2013; Ranjha et al., 2013; Nicholson, 2016; Ge et al., 2016).  
 
3.2. Criteria used to define the RSLLJ 
 Jet cases are classified using 3 criteria. These criteria are based on the earlier criteria 
used by Bonner (1968) to classify Great Plains LLJ. However, the thresholds are chosen for 
the present study to be lower in magnitude than Bonner’s by 2 ms-1. The lower wind speed 
thresholds are used due to the generally weaker speeds of the RSLLJ compared to the Great 
Plains LLJ and the expected underestimation of wind speed by the ERA-Interim reanalysis. 
Some other studies (e.g., Anderson and Arritt 2001) found that the strong LLJs of Bonner’s 
criteria were less frequent in reanalysis datasets (NCEP and ERA-40) compared to 
radiosonde observations. Moreover, the wind fields’ spatial variability was underestimated in 
the ECMWF global numerical model for scales smaller than 1000 km when compared with 
QuikSCAT observations (Chelton et al. 2006). It is important to note that the results 
presented here are influenced strongly by the model used in the reanalysis and these 




 The present study defines three categories for the RSLLJ (Table 3.1): 
• Criterion 1: the wind speed must equal or exceed 10 ms-1 at the level of maximum 
wind, and must decrease by at least 5 ms-1 to the next higher minimum or the 700 mb 
level. 
• Criterion 2: the wind speed must equal or exceed 14 ms-1 at the level of maximum 
wind, and must decrease by at least 7 ms-1 to the next higher minimum or the 700 mb 
level. 
• Criterion 3: the wind speed must equal or exceed 18 ms-1 at the level of maximum 
wind, and must decrease by at least 10 ms-1 to the next higher minimum or the 700 
mb level. 
 The level of the maximum wind in the categorization process is defined so that the 
criteria are non-overlapping, and a jet occurrence can fall into only one category. The domain 
utilized to detect the RSLLJ extends from 9° – 23.25°N and from 33.75° – 48°E. First, the 
frequency of each criterion is calculated for each grid point in the domain of study. Then, the 
frequency is investigated at seven different points along the southern half of the Red Sea to 
represent the frequency of the RSLLJ in those areas (Figure 3.1) with five locations located 
over water and two over land. Monthly and seasonal analyses of the wind fields for criteria 1, 
2, and 3 are performed for each six-hourly time step. The period from November to April is 
chosen to represent the winter monsoon period based on the dominant wind direction over 
the southern Red Sea. Even though some weak jets (criterion 1) are detected in May and 
October, these two months are excluded from the winter period to avoid involving jets from 




The main focus of the study therefore will be on the winter LLJ, which includes only 
southerly and southeasterly winds.  
 Another goal of the present study is to concentrate on the climatology of the RSLLJ 
at location 3 (Figure 3.1). This location, because it is located in the middle of the southern 
Red Sea, is selected to investigate how often the jet forms in this particular area and what 
role the jet plays in the northward moisture flux during the winter season. Thus, further 
analyses using the jet cases observed in this location are conducted including monthly and 
seasonal statistical analyses of the criteria 1, 2, and 3 LLJs. In addition, the synoptic 
conditions and the geopotential height gradient over the southern Red Sea for cases when the 
jet was present and for cases without jets (non-jet) are investigated to examine possible 
reasons for the jet formation and the variation in its intensity. Furthermore, the moisture flux 
as well as the Vertically Integrated Moisture Flux Convergence (VIMFC) are calculated in 
the lower troposphere (1000-700 hPa) for the different criteria jets to investigate the moisture 







dp!"" !"#!""" !"# ), where q is specific humidity, u and v are the zonal and the 
meridional wind components, g is the gravity acceleration, and p is the pressure (van 
Zomeren and van Delden, 2007). In addition, the statistical significance of differences in 
moisture content in the central Red Sea region among cases with different RSLLJ criteria and 
non-jet cases is evaluated using the two sample t-test applied to the mean of moisture 
averaged for the 1000-700 hPa layer at 21.5°N and 38°E. The alpha level used for all 
statistical tests was 0.05. The test is conducted for the cases associated with each jet criterion 
with the non-jet cases as well as for comparing criterion 1 cases with criterion 2, criterion 1 




4. Climatology of the Red Sea low-level jet 
4.1. General low-level wind patterns over the Red Sea  
 The southern Red Sea area experiences two different monsoonal flows. Figure 3.2 
shows the average monthly wind vectors for the 925 hPa level. In the summer, starting from 
late May to early October, the area is under the influence of the Indian monsoon and average 
wind is generally north-northwesterly over the Arabian Peninsula and the entire Red Sea. On 
the other hand, the wind pattern from late October to April, generally follows the southeast 
monsoon, which is produced from a synoptic pressure gradient at the surface represented in 
the presence of a stable high-pressure system over the Arabian Sea, Gulf of Aden, and the 
southern Red Sea and a heat low over Sudan (Figure 3.3). The average wind is generally 
south-southeasterly during the winter months. The transition in the wind direction from the 
summer pattern to the winter pattern occurs in October while the summer pattern begins in 
May when the wind generally becomes northwesterly over the southern Red Sea. 
 
4.2. Climatology and geographic distribution of the RSLLJ 
 Lebassi-Hebtezion and Van Buskirk (2012) indicated that a LLJ is formed at the strait 
of Bab el Mandab and south of 14°N during the winter when a mass of dense air is channeled 
between the two high landmasses in a stratified and relatively cool marine layer. The present 
study shows that the jet is more frequent just north of the strait at location 1, which seems to 
be related to the flow that is channeled and accelerated within the strait, in good general 
agreement with their finding (Figure 3.4). However, it is also found that the LLJ extended 
beyond the strait farther north between 14°-17°N. Examples of jets occurring south of 14°N 




the LLJ over the southern Red Sea is relatively frequent (Figure 3.4). For instance, 37% of all 
6-hour periods met criterion 1 status at location 1 and 29%, 23%, 22%, and 15% at locations 
2, 3, 4 and 5, respectively (Table 3.2). The frequency of criterion 1 jets over land is much 
smaller than over water, where it is 3% at location 6 and about 2% at location 7. Criterion 2 
jets are found 12% of the time at location 1 and the percentage decreases gradually 
northward to about 3% at location 5. For the land locations, criterion 2 jets are rare compared 
to over water, occurring less than 1% of the time. The strongest jets (criterion 3) are observed 
only over water and are less frequent, occurring at location 1 slightly more than 1% of the 
time, and less than 1% at all other locations. 
 The direction of the RSLLJ for all three criteria differs completely for the winter and 
summer seasons, as seen in the wind roses shown in Figure 3.6. In summer, the direction of 
the jet is mostly northwesterly while it is mostly south-southeasterly in winter. This 
predominantly confined wind pattern for both seasons and especially the winter, which is the 
focus of the present study, provides a narrow range of wind directions that justify restricting 
the analysis to jets from the same direction. In general, the frequency of criteria 1 and 2 jets 
in the winter months at locations 1, 2, and 3 (south of 17°N) is greater than at locations 4 and 
5. 
 The frequency of strong (criterion 3) and moderately strong (criterion 2) winter jets is 
greatest at location 3, which indicates that the strong jets are more frequent north of the strait 
of Bab el Mandab than within the strait (Table 3.3). In addition, the strongest average jet 
speeds are observed at locations 3 and 4 (25 and 24 ms-1, respectively), even though jet 
frequency is greater at location 1. These results offer strong evidence that the winter RSLLJ 




that has its core around location 3 and explore its role in moisture transport to the Central 
Red Sea area, most of the analyses hereafter use the LLJs observed at location 3.  
 
4.3. Composite synoptic environment of RSLLJs 
 Generally in winter, the synoptic pattern dominating the Red Sea consists of the 
inverted Red Sea trough and the North African subtropical high, where the former exists over 
the southern part and the latter exits over the northern part (Samman and Gallus 2018). 
Samman and Gallus (2018) documented this synoptic pattern in their classification of the 
synoptic patterns that induce heavy precipitation in the western region of Saudi Arabia. They 
named this pattern W-RST-B, and they indicated that the flow over the southern part of the 
Red Sea, where the jet is present, is southeasterly while the flow is northwesterly over the 
northern part, which will produce a convergence zone over the central Red Sea area. The 
RSLLJ formation and intensity at location 3 seems to be influenced by the position of the 
trough as well as its propagation northward and southward over and in the vicinity of the Red 
Sea. This can be clearly seen in Figure 3.7 when comparing composites of the synoptic 
conditions when the jet was present with composites of the non-jet cases. For the jet cases, 
the eastern sector of the North African subtropical high shifts westward and the Red Sea 
trough propagates northward around 22°N giving the jet an extended distance to form 
between 13°-19°N, while the high resides over the northern Red Sea and the trough around 
17°N for the non-jet cases. In addition, the jet forms upstream of the Red Sea trough when 
the isobars (not shown) are parallel to the Red Sea orientation and when a stronger 
geopotential height gradient existed across the southern Red Sea. Table 3.4 lists monthly 




Red Sea for the jet and the non-jet cases. The geopotential height gradient is calculated for 
the 1000-700 mb layer. On average, the geopotential height gradient over the southern Red 
Sea for the jet cases is almost four times the geopotential height gradient for the non-jet 
cases. The geopotential height gradient is also greater for the moderate (criterion 2) and the 
strong jets (criterion 3). The synoptic pattern did not vary noticeably for each of the winter 
months for the jet cases (not shown).  
 
4.4. Divergence associated with the RSLLJ 
 Figure 3.8 shows the divergence at the 925hPa level for each criterion when the jet 
exists at location 3 along with the total winter average. This level is examined because the 
strong jets (criterion 3) are more frequent at this level. In general, divergent flow prevails 
over and along the southern Red Sea as the flow exits the strait of Bab el Mandab. The 
magnitude of the divergence over the southern areas increases gradually for the higher 
criteria of the RSLLJ and spans a larger area. The areas of strong divergence occur in the 
entrance to the jet and upwind of the core of the jet. For criterion 1, the area of maximum 
divergence is centered roughly between 13°-14°N, while for criterion 2 and 3, it is centered 
between 14°N and 15°N and has slightly larger magnitudes. This is consistent with the 
analysis of the climatology of the selected criteria discussed above, which revealed that the 
higher speed jets (criterion 2 and 3) are more frequent and stronger north of the strait. On the 
other hand, areas of convergence appear over the central Red Sea (around 20°N) when the 
RSLLJ is observed (Figures 3.8b, 3.8c, and 3.8d), consistent with this area being in the jet 





4.5. Diurnal, monthly, and vertical variability at location 3 
 Table 3.5 shows the frequency of the observed jet cases at location 3 for each 
criterion four times per day. In general, for the winter months, the weakest jets (criterion 1) 
and the moderately strong jets (criterion 2) are more frequent in January, February, and 
March and less frequent in November and December. The frequencies of the jets for these 
months correspond well to the high values of the geopotential height gradient that exist over 
the southern Red Sea, where the largest differences in the geopotential height gradient 
between the jet and the non-jet cases are observed in January, February, and March (Table 
3.4). The frequency for the strong jets (criterion 3) is remarkably greater in February and less 
frequent in November and December. The jets are more frequent at 12 and 00 UTC and 
relatively less frequent at 18 UTC for criteria 1 and 2 jets. Criterion 3 jets are less frequent at 
18 UTC compared to other times.  
 The geopotential height gradient influences the jet speed. The average gradient is 
greater in January (~52 m) and February (~50 m) (Table 3.4), which is consistent with the 
high average speed of the jet observed at location 3 (Figure 3.9). The average jet speed also 
corresponds well to the geopotential height gradient values for the other months. For 
instance, the values of the geopotential height gradient for November and December are less 
than for January and February and those months have slightly smaller jet speeds. The average 
speed for the jet decreases in March and April and as well as the corresponding values of the 
geopotential height gradient.  
 The RSLLJ height distribution at location 3 is given in Figure 3.10. The most 
frequent levels of criteria 1 and 2 LLJs are 950 and 925 hPa, corresponding roughly to 540-




for criteria 1 and 2 (Table 3.6). The frequency of the strongest jets (criterion 3) is 
considerably greater at 925 hPa (61%) than at 950 hPa (35%). 
 
4.6. Vertical cross sections normal and parallel to the jet core at location 3 
 Vertical cross sections normal and parallel to the jet core (Figure 3.11) show that in 
winter, the mean low-level wind is greater south of location 2 in the 1000-850 hPa layer. The 
jet core of criterion 1 jets on average is approximately at 970-930 hPa (roughly 360-700 m) 
and at 14.30°-16°N and 40°-41.5°E. The core of criteria 2 and 3 LLJs, on the other hand, is 
farther north at roughly 14.5°-18.5°N and 40°-41.5°E and is at 960-920 hPa (~400-800 m) for 
criterion 2 and at 940-920 hPa (~600-800 m) for criterion 3. The average core speed for 
criterion 1 LLJs is about 13 ms-1. Average core speed for criteria 2 and 3 are on the order of 
16 and 19 ms-1, respectively. 
 
4.7. Southern Red Sea winter moisture flux structure 
The months of November, January and March are chosen to investigate the moisture 
content over the southern Red Sea during the winter period. The moisture content in the 
1000-700 mb layer is greater for November and January (RH>70%) and lower in March 
(>55%) may be due to the warmer sea surface temperature in the beginning of winter 
compared to the end, and was highly concentrated along the coast of Sudan roughly at 15°-
18°N and 38°-40°E (Figure 3.12). During criterion 1 cases, the highest moisture content 
(RH>75% in November and >65% in January) is found further north between 18°N and 22°N 
over the central Red Sea. The average relative humidity also increases north of 18°N to 




south of that latitude. These results are suggestive of the role of the jet in providing more 
moisture to the higher latitudes. 
Since moisture flux is helpful to the formation of cloud and hence precipitation, the 
moisture flux over the southern Red Sea is investigated. Figure 3.13 shows five vertical cross 
sections normal to the jet core intersecting the 5 locations over water. The maximum flux 
magnitude and location vary among the different RSLLJ criteria cases. The mean moisture 
flux associated with the weaker jets (criterion 1) is maximized at location 2 at around 120-
140 (gkg-1ms-1). The mean flux for criteria 2 and 3 is larger than for criterion 1 and it is 
maximized in a jet core extending from location 2 to location 4. For criterion 2, the mean 
flux (about 160-170 gkg-1ms-1) is consistent along the jet core, while for criterion 3, the mean 
flux (greater than 180 gkg-1ms-1) is greater at the jet exit around location 4. These analyses 
imply a linear relationship between the RSLLJ speed and its associated moisture advection 
where higher criteria jets contribute significantly to greater moisture advection to the central 
Red Sea area. Also, this can be seen in the VIMFC (Figure 3.14). For criterion 3, the average 
moisture is highly concentrated north of 18°N (Figure 3.14d). The greater values of VIMFC 
for criteria 2 and 3 are clearly found in the central Red Sea and western Saudi Arabia.  
 Comparing the moisture content in the central Red Sea (36°E-40°E and 19°N-22°N) 
averaged within the 1000-700 hPa layer for the cases associated with the presence of the 
RSLLJ to the non-jet cases reveals statistically significant results and evidence a linear 
relationship between the RSLLJ speed and the mean moisture concentration. This is tested 
through utilizing moisture values for point X (38°E, 21.5°N, shown in Figure 3.15). For all 
three criteria of the RSLLJ, the mean moisture content for the jet cases is significantly greater 




with criterion 1 (7.7 ± 1.8 gkg-1, n=1634), criterion 2 (8.01 ± 1.68 gkg-1, n=521), and 
criterion 3 (8.3±1.6 gkg-1, n=66) were 33%, 38%, and 43% greater than the non-jets cases 
(5.8 ± 1.9 gkg-1, n=4542) (two sample t-test, p<0.001), respectively. This result clearly 
indicates the RSLLJ’s contribution to the moisture transport to the central Red Sea area. In 
addition, differences in the mean moisture content between each RSLLJ criterion and the 
mean winter value (Figure 3.15) also evidence a linear relationship. The mean moisture 
content is generally above average in the central Red Sea and below average in the southern 
part of the Red Sea for the cases of each of the jet criteria. The moisture content increases as 
the jet speed increases. The mean moisture content associated with criterion 2 LLJs (8.01 ± 
1.68 gkg-1, n=521) is significantly greater than that associated with criterion 1 LLJ cases (7.7 
± 1.8 gkg-1, n=1634) (two sample t-test, p=0.0002). Differences in mean moisture content 
between criteria 1 and 3 LLJ cases behave similarly, with the mean moisture content for 
criterion 3 LLJs (8.3±1.6 gkg-1, n=66) greater (p=0.002). However, only small non-
significant differences are found between the mean moisture content associated with criteria 
2 and 3 LLJ cases (p=0.07).  
 
5. Discussion and conclusions 
 The RSLLJ is a phenomenon that exists over the southern Red Sea in winter. It is 
embedded within the winter monsoonal southeasterly flow, which is produced from a 
persistent synoptic pressure gradient across the southern Red Sea and the Gulf of Aden. This 
study presents a basic climatology of the jet using 10 years of reanalysis data (ERA-Interim). 




of greater than 10 ms-1, and criteria 2 and 3 include LLJs with speeds greater than 14 ms-1and 
18 ms-1respectively.  
 The geographic distribution of the RSLLJ varies according to each of the chosen 
criteria. The weaker jets (criterion 1) are frequent at the exit of the strait of Bab el Mandab. 
This high frequency appears to be related to the flow that is channeled and accelerated within 
the strait, which supports the finding presented by Lebassi-Habtezion and Van Buskirk 
(2012). The frequencies of the moderate and strong LLJs (criteria 2 and 3), however, are 
higher over areas farther north between 14°-17°N. The RSLLJ formation north of 14°N is 
likely influenced by the position of the Red Sea trough as well as its propagation northward 
and southward over and in the vicinity of the Red Sea. It is found that the jet formed 
upstream of the Red Sea trough when the latter exist over the central Red Sea area. It is also 
found that the intensity of the jet is influenced by the large geopotential height gradient 
across the southern Red Sea. This synoptic environment involving the trough position along 
with the large geopotential height gradient across the southern Red Sea also seems to support 
the hypothesis of a large scale channeling mechanism where the flow is channeled over the 
southern Red Sea between the high African and Arabian terrain. The maximum speed of the 
RSLLJ observed in the reanalysis is 25 ms-1 roughly at 16.5°N (location 3). The average jet 
speed is greater in January and February around that latitude. This high speed corresponds 
well to the stronger geopotential height gradient across the southern Red Sea in addition to 
the large scale channeling of the flow over the southern Red Sea. On average, the elevation 
of the jet core for criterion 1 observed at location 3 lies roughly between 970-930 hPa (360-




41.5°E for the moderate and the strong jets (criteria 2 and 3) and at a higher elevation around 
925 hPa. 
 The jets are more frequent during the day and relatively less frequent for criteria 1 
and 2 jets and less frequent for criterion 3 at night. One possible explanation for the low 
frequency at night could be because of the cooling of the surface layer over the African 
terrain which will weaken the Sudan low. Hence, the geopotential height gradient over the 
southern Red Sea will decrease, reducing the jet frequency at night, since the inertial 
oscillation is not occurring at these low latitudes. However, given the small sample size of 
criterion 3 jets, the results could be unreliable and caution should be applied when 
interpreting this result. Generally, the physical processes responsible for the diurnal variation 
of the jet frequency are still unclear and will be investigated in a follow up study.  
 It is found that the mean moisture concentration in the central Red Sea (36°-40°E and 
19°-22°N) increased when the RSLLJ was present. The mean moisture content associated 
with the presence of each LLJ criterion at location 3 is generally above average in that 
region. The mean moisture content for criterion 1 jet cases is significantly greater than that 
for non-jet cases, and criteria 2 and 3 cases had significantly greater moisture than criterion 1 
cases. In addition, the greater values of VIMFC for criteria 2 and 3 are clearly found in the 
central Red Sea and western Saudi Arabia. The VIMFC represents integrated moisture in the 
lower atmosphere, and this likely indicates that upward motion is associated with the 
convergence at the RSLLJ exit over the central Red Sea, which suggests that the RSLLJ can 
contribute to rainfall due to its essential role in providing high moisture content in a short 
period of time. These results support the hypothesis that the RSLLJ plays a crucial role in 




Red Sea region clearly increased with the presence of RSLLJs, the role this plays on rainfall 
generation is more complex and further analysis would be necessary to determine what, if 
any, role the RSLLJ plays in producing heavy rain in this region. 
 The documentation and analyses of the RSLLJ in the present study were relatively 
similar to the analyses of the Turkana jet conducted by Nicholson (2016) where she 
documented and presented a climatology of the LLJ in the Turkana channel located 
southwest of the southern Red Sea between Ethiopia and Kenya. These studies suggest that 
LLJs (i.e. the RSLLJ and the Turkana jet) that form as a result of a channeling mechanism 
can contribute to the humidity levels in this part of the world. For instance, the RSLLJ plays 
an important role in transporting moisture to the central Red Sea area during the winter and 
may contribute to the high humidity and precipitation in the central Red Sea region. In 
contrast, the Turkana LLJ plays an important role in the aridity of northwest Kenya and may 
inhibit the development of precipitation there. These studies have gone some way toward 
enhancing our understanding of the jet occurrences in this region. The findings can also 
contribute to further applications related to LLJs such as wind energy resources, forecasting 
weather phenomena, and aviation, in this part of the world. 
 Because the RSLLJ was detected in the present study using reanalysis data, the 
limitations of that dataset should be emphasized. The orographic features of the region are 
very complex with different surface characteristics such as water and land with high 
elevation mountains in close proximity, which can influence the reanalysis data. Also, the 
southern Red Sea has very limited meteorological stations and potential limitations of the 
present study arise from the coarse spatial resolution of the weather stations located at 




the reanalysis. Without sufficient surface and upper level observations, and because the 
reanalysis dataset likely underestimates the jet occurrence, the results obtained in the present 
study should be treated with caution.  
 Lebassi-Habtezion and Van Buskirk (2012) argued that the RSLLJ forms due to the 
channeling of the flow through the strait of Bab el Mandab, and it can be influenced by the 
sea-land breeze dynamics over the region. Although some of the results presented in the 
present study support their finding (i.e. the southern RSLLJ extended from Bab el Mandab 
(12.5°N) to 14.5°N at an elevation 300-600 m), it was unexpected to find that the maximum 
speeds of the RSLLJ were much farther north from the strait, roughly around 16°-17°N. 
Therefore, although the channeling mechanism seems to have some influence on the jet 
formation, a more general explanation of the RSLLJ is needed. Since our analyses found that 
the jets are strongest well north of the strait and the jet is influenced by the pressure gradient, 
it appears that the channeling mechanism and the pressure gradient alone do not adequately 
explain the processes responsible for the jet, especially its diurnal variation. Based on prior 
studies around the world, it thus appears that other physical processes could contribute to the 
RSLLJ formation such as 1) the presence of shallow baroclinicity within the planetary 
boundary layer induced from the horizontal gradient in the sensible and latent heat fluxes due 
to sea-land temperature contrasts or the complex terrain in the vicinity of the Red Sea, 2) 
terrain-forcing of the LLJ such as the blocking of large-scale flow, either by the Eritrean or 
the Saudi mountains, 3) land-sea breezes and mountain-valley breezes in the region, and 4) 
the increase of the sea surface temperature of the Red Sea and the orientation of the coast. 




associated with the RSLLJ is required in order to test the various hypotheses, and will be the 
subject of future work. 
 
Acknowledgment: The authors are thankful to the anonymous reviewers for their helpful 
comments and their valuable suggestions to improve the manuscript. The authors would like 
to acknowledge the European Center for Medium-Range Weather Forecasts (ECMWF) for 
providing free and easy access to the ERA-Interim reanalysis. 
 
References 
AL-Khalaf A, AbdelBasset H. 2013. Diagnostic Study of a Severe Thunderstorm over 
Jeddah. Atmospheric and Climate Sciences 3(January): 150–164. DOI: 
10.4236/acs.2013.31017. 
Anderson BT, Roads JO, Chen SC, Juang HMH. 2001. Model dynamics of summertime low-
level jets over northwestern Mexico. Journal of Geophysical Research-Atmospheres 
106(D4): 3401–3413. DOI: 10.1029/2000JD900491. 
Anderson CJ, Arritt RW. 2001. Representation of summertime low-level jets in the Central 
United States by the NCEP-NCAR reanalysis. Journal of Climate 14(2): 234–247. DOI: 
10.1175/1520-0442(2001)014<0234:ROSLLJ>2.0.CO;2. 
Bannon PR. 1979. On the Dynamics of the East African Jet. II- Jet Transients. Journal of 
Atmospheric Sciences 36, 2153–2168. 
Blackadar AK. 1957. Boundary Layer Wind Maxima and Their Significance for the Growth 
of Nocturnal Inversions. Bulletin of the American Meteorological Society, 283–290. 
Bonner WD. 1968. Climatology of the Low Level Jet. Monthly Weather Review 96(12): 833–
850. DOI: 10.1175/1520-0493(1968)096<0833:COTLLJ>2.0.CO;2. 
Cheinet S, Beljaars A, K M. 2005. ECMWF – ARM Report Series 1 . Assessing Physical 
Processes in the ECMWF Model. ARM Rep. Ser., 1, 25 pp., European Center for Medium-
Range Weather Forecasts, Reading, U. K. 
Chelton DB., Freilich MH., Sienkiewicz JM., and Von Ahn JM. 2006. On the use of 
QuikSCAT scatterometer measurements of surface winds for marine weather 




Dee DP, Uppala SM, Simmons AJ, Berrisford P, Poli P, Kobayashi S, Andrae U, 
BalmasedaMA, Balsamo G, Bauer P, Bechtold P, Beljaars ACM, van de Berg L, Bidlot J, 
Bormann N, Delsol C, Dragani R, Fuentes M, Geer AJ, Haimberger L, Healy SB, 
Hersbach H, Holm EV, Isaksen L, Kallberg P, Kohler M, Matricardi M, McNally AP, 
Monge-Sanz BM, Morcrette JJ, Park BK, Peubey C, de Rosnay P, Tavolato C, Thepaut 
JN, Vitart F. 2011. The ERA-Interim reanalysis: configuration and performance of the 
data assimilation system. Q. J. R. Meteorol. Soc. 137: 553–597. doi: 10.1002/qj.828 
Deng L, McCabe MF, Stenchikov G, Evans JP, Kucera P a. 2015. Simulation of Flash-Flood-
Producing Storm Events in Saudi Arabia Using the Weather Research and Forecasting 
Model. Journal of Hydrometeorology 16(2): 615–630. DOI: 10.1175/JHM-D-14-0126.1. 
Douglas MW. 1995. The Summertime Low-Level Jet over the Gulf of California. Monthly 
Weather Review, 2334–2347. DOI: 10.1175/1520-
0493(1995)123<2334:TSLLJO>2.0.CO;2. 
Fiedler S, Schepanski K, Heinold B, Knippertz P, Tegen I. 2013. Climatology of nocturnal 
low-level jets over North Africa and implications for modeling mineral dust emission. 
Journal of Geophysical Research Atmospheres 118(12): 6100–6121. DOI: 
10.1002/jgrd.50394. 
Ge JM, Liu H, Huang J, Fu Q. 2016. Taklimakan Desert nocturnal low-level jet: Climatology 
and dust activity. Atmospheric Chemistry and Physics 16(12): 7773–7783. DOI: 
10.5194/acp-16-7773-2016. 
Giannakopoulou EM, Toumi R. 2012. The Persian Gulf summertime low-level jet over 
sloping terrain. Quarterly Journal of the Royal Meteorological Society 138(662): 145–
157. DOI: 10.1002/qj.901. 
Hart J. 1977. Theory of East-African low-level jet stream. Pure Appl. Geophys 151: 1263–
1282. 
Higgins RW, Yao Y, Yarosh ES, Janowiak JE, Mo KC. 1997. Influence of the great plains 
low-level jet on summertime precipitation and moisture transport over the central United 
States. Journal of Climate 10(3): 481–507. DOI: 10.1175/1520-
0442(1997)010<0481:IOTGPL>2.0.CO;2. 
Holbach HM, Bourassa MA. 2014. The Effects of Gap-Wind-Induced Vorticity, the 
Monsoon Trough, and the ITCZ on East Pacific Tropical Cyclogenesis. Monthly Weather 
Review 142: 1312–1325. DOI: 10.1175/mwr-d-13-00218.1. 
Holton, J. R. 1967. The diurnal boundary layer wind oscillation above sloping 
terrain. Tellus, 19A: 199–205. DOI:https://doi.org/10.1111/j.2153-3490.1967.tb01473.x. 
Jackson PL, Steyn DG. 1994. Gap winds in a fjord. Part I: Observations and numerical 





Jiang H, Farrar JT, Beardsley RC, Chen R, Chen C. 2009. Zonal surface wind jets across the 
Red Sea due to mountain gap forcing along both sides of the Red Sea. Geophysical 
Research Letters 36(19): 1–6. DOI: 10.1029/2009GL040008. 
Langodan S, Viswanadhapalli Y, Hoteit I. 2016. The impact of atmospheric data assimilation 
on wave simulations in the Red Sea. Ocean Engineering. Elsevier 116: 200–215. DOI: 
10.1016/j.oceaneng.2016.02.020. 
Lebassi-Habtezion B, Van Buskirk R. 2012. Numerical Simulation of Wind Distributions for 
Resource Assessment in Southeastern Eritrea, East Africa. Journal of Solar Energy 
Engineering 134(3): 31007. DOI: 10.1115/1.4006267. 
Liu M, Westphal DL, Holt TR, Xu Q. 2000. Numerical Simulation of a Low-Level Jet over 
Complex Terrain in Southern Iran. Monthly Weather Review 128(5): 1309–1327. DOI: 
10.1175/1520-0493(2000)128<1309:NSOALL>2.0.CO;2. 
Marengo JA, Soares WR, Saulo C, Nicolini M. 2004. Climatology of the low-level jet east of 
the Andes as derived from the NCEP-NCAR reanalyses: Characteristics and temporal 
variability. Journal of Climate 17(12): 2261–2280. DOI: 10.1175/1520-
0442(2004)017<2261:COTLJE>2.0.CO;2. 
Mass CF, Businger S, Albright MD, Tucker ZA. 1995. A windstorm in the lee of a gap in a 
coastal mountain barrier. Monthly Weather Review, 315–331. DOI: 10.1175%2F1520-
0493%281995%29123%3C0315%3AAWITLO%3E2.0.CO%3B2. 
Mathieu N, Strachan IB, Leclerc MY, Karipot A, Pattey E. 2005. Role of low-level jets and 
boundary-layer properties on the NBL budget technique. Agricultural and Forest 
Meteorology 135(1–4): 35–43. DOI: 10.1016/j.agrformet.2005.10.001. 
Muñoz E, Busalacchi AJ, Nigam S, Ruiz-Barradas A. 2008. Winter and summer structure of 
the Caribbean low-level jet. Journal of Climate 21(6): 1260–1276. DOI: 
10.1175/2007JCLI1855.1. 
Muñoz R, Garreaud R. 2005. Dynamics of the low level jet off the west coast of subtropical 
South America. Monthly Weather Review 133(Lester 1985): 3661–3677. 
Nicholson S. 2016. The Turkana low-level jet: Mean climatology and association with 
regional aridity. International Journal of Climatology 2614(October 2015): 2598–2614. 
DOI: 10.1002/joc.4515. 
Parish TR, Oolman LD. 2010: On the role of sloping terrain in the forcing of the Great Plains 
low-level jet. J. Atmos. Sci., 67, 2690–2699. 
Parish TR. 2000. Forcing of the Summertime Low-Level Jet along the California Coast. 





Patzert WC. 1974. Wind-induced reversal in Red Sea circulation. Deep-Sea Research and 
Oceanographic Abstracts 21(2): 109–121. DOI: 10.1016/0011-7471(74)90068-0. 
Prabha T V., Goswami BN, Murthy BS, Kulkarni JR. 2011. Nocturnal low-level jet and 
“atmospheric streams” over the rain shadow region of indian western ghats. Quarterly 
Journal of the Royal Meteorological Society 137(658): 1273–1287. DOI: 10.1002/qj.818. 
Ranjha R, Svensson G, TjernströM M, Semedo A. 2013. Global distribution and seasonal 
variability of coastal low-level jets derived from ERA-interim reanalysis. Tellus, Series A: 
Dynamic Meteorology and Oceanography 65(1). DOI: 10.3402/tellusa.v65i0.20412. 
Rife DL, Pinto JO, Monaghan AJ, Davis CA, Hannan JR. 2010. Global distribution and 
characteristics of diurnally varying low-level jets. Journal of Climate 23(19): 5041–5064. 
DOI: 10.1175/2010JCLI3514.1. 
Samman AE, Gallus Jr. W. 2018. A classification of synoptic patterns inducing heavy 
precipitation in Saudi Arabia during the period 2000-2014. Atmósfera, 31(1): 47-67. 
DOI:http://dx.doi.org/10.20937/ATM.2018.31.01.04 
Sofianos SS. 2003. An Oceanic General Circulation Model (OGCM) investigation of the Red 
Sea circulation: 2. Three-dimensional circulation in the Red Sea. Journal of Geophysical 
Research 108(C3): 1–15. DOI: 10.1029/2001JC001185. 
Stensrud DJ. 1996. Importance of low-level jets to climate: A review. Journal of Climate, 
1698–1711. DOI: 10.1175/1520-0442(1996)009<1698:IOLLJT>2.0.CO;2. 
Storm B, Dudhia J, Basu S, Swift A, Giammanco I. 2009. Evaluation of the weather research 
and forecasting model on forecasting low-level jets: Implications for wind energy. Wind 
Energy 12(1): 81–90. DOI: 10.1002/we.288. 
United States Naval Oceanography Command Detachment. 1993. US Navy Regional 
Climatic Study of the Red Sea and Adjacent Waters. National Oceanic and Atmospheric 
Administration, Asheville, NC. 
Van Buskirk R, Garbesi K, Rosen K. 1998. Wind resource assessment of Eritrea, Africa: 
preliminary results and status. Journal of Wind Engineering and Industrial Aerodynamics 
74–76: 365–374. DOI: 10.1016/S0167-6105(98)00033-6. 
van Zomeren J, van Delden A. 2007. Vertically integrated moisture flux convergence as a 
predictor of thunderstorms. Atmospheric Research 83(2–4 SPEC. ISS.): 435–445. DOI: 
10.1016/j.atmosres.2005.08.015. 
Washington R, Todd MC, Engelstaedter S, Mbainayel S, Mitchell F. 2006. Dust and the low-
level circulation over the Bodélé Depression, Chad: Observations from BoDEx 2005. 





Zhai P, Bower A. 2013. The response of the Red Sea to a strong wind jet near the Tokar Gap 








Table 3.1 Criteria used to derive the RSLLJ categories. 
LLJ criterion 𝑉!"#(𝑚𝑠!!) ∆𝑉! (𝑚𝑠!!) 
1 ≥ 10 ≥ 5 
2 ≥ 14 ≥ 7 






Table 3.2 Frequency of each criterion (in percentage) from ERA-Interim vertical wind profiles at all locations 
for the period (2006-2015). 
Location Criterion 1 (%) Criterion 2 (%) Criterion 3 (%) 
1 36.96 12.57 1.19 
2 28.94 8.94 0.51 
3 22.92 6.15 0.47 
4 22.10 4.40 0.23 
5 15.14 2.59 0.16 
6 3.08 0.06 0 






Table 3.3 The frequency of south-southeasterly winter LLJs (in percentage) for each criterion from the total 
annual number of jets (regardless of direction) of the same criterion at each location along with the 
average and maximum jet speed. 
Location 
Frequency of winter jets (%) Average jet speed (ms-1) Maximum jet 
speed (ms-1) Cr. 1 Cr. 2 Cr. 3 Cr. 1 Cr. 2 Cr. 3 
1 62 54 14 13.3 15.9 19.1 20 
2 57 56 69 13.3 16.2 19.5 22 
3 49 58 96 13.7 16.5 19.9 25 
4 40 46 94 13.2 16.3 20.8 24 






Table 3.4 The geopotential height gradient (change in height over 100 km distance) for the 1000-700 hPa layer 
for each of the winter months, averaged for the grid points located over water inside the box shown in 
Figure 3.7a. 
Month Jet (m) Non-jet (m) Difference (m) 
NOV 47 15 32 
DEC 47 14 33 
JAN 52 7 44 
FEB 50 8 42 
MAR 46 5 41 
APR 38 7 31 






Table 3.5 Frequency of occurrence (in percentage) of jets for each criterion at four different times per day for 
the winter months (November-April) at location 3.  
Month 
Criterion 1 Criterion 2 Criterion 3 
0 6 12 18 
% of 
month 0 6 12 18 
% of 
month 0 6 12 18 
% of 
month 
NOV 2 2 3 1 9 1 1 1 1 4 0 2 0 0 2 
DEC 3 3 3 3 12 3 2 3 2 10 0 2 3 0 5 
JAN 5 5 5 5 20 7 6 7 5 25 5 6 5 5 20 
FEB 6 5 6 5 21 7 6 7 5 25 8 15 14 3 39 
MAR 6 5 7 5 23 7 6 7 3 23 2 9 9 2 21 
APR 4 5 4 3 16 4 5 4 2 14 5 5 2 3 14 






Table 3.6 The frequency distribution (in percentage) per level for each of the jet criteria at location 3. 
Level (hPa) Criterion 1 (%) Criterion 2 (%) Criterion 3 (%) 
800 3.53 0.67 0 
825 5.36 1.34 0 
850 4.16 0.89 0 
875 3.67 0.89 0 
900 6.21 2.46 3.51 
925 30.82 41.07 61.4 
950 39.56 47.54 35.09 










Figure 3.1 The geographical features of the southern Red Sea including terrain height (m). The line from A to B 
along the Red Sea is the cross-section location in Figure 3.11. The five parallel lines across the Red 














Figure 3.3 Composite of the (a) mean sea-level pressure and (b) 700 hPa geopotential height fields, of the 













Figure 3.5 Streamlines and isotachs at the 925 hPa level for (a) a LLJ observed north and at the strait of Bab el 






Figure 3.6 The frequency of occurrence of the RSLLJ wind directions (%) for summer months (May-October) 

























Wind Speeds in m/s
WS ≥ 18  (Cr.3)
14 ≤ WS < 18  (Cr.2)





Figure 3.7 Streamline and isotach composites at the 925 hPa level for (a) criterion 1 jet cases observed at 
location 3 and (b) non-jet cases. The dashed box indicates the area where the average geopotential 
height gradient was calculated for the 1000-700 hPa layer. The composites were calculated for winter 






Figure 3.8 Mean divergence (×10!𝑠!!) and vector wind (ms-1) at 925 hPa during the winter period (November-






Figure 3.9 Vertical profiles of the average wind speed per month for criterion 1 events at location 3. 
  


























Figure 3.10 The frequency distribution of the RSLLJ height at location 3. 
  

























Figure 3.11 Vertical cross-section of the average winter wind speed (ms-1) for jets observed at location 3 along 
the lines from A to B and from C to C’ in Figure 3.1 for the (a) winter mean, (b) criterion 1, (c) 






Figure 3.12 Composite of relative humidity (shaded) (%) and wind vectors (ms-1) averaged for the 1000-700 
hPa layer for November, January, and March during the period (2006-2015). The first row is for the 
mean winter values. The second, third and fourth rows are for the mean values calculated when the 





Figure 3.13 Vertical cross-sections of winter mean horizontal wind speed (contours) in (ms-1) and mean 
moisture flux (shaded) in (gkg-1ms-1) normal to the jet (transect locations are shown in Figure 3.1) for 





Figure 3.14 Vertically integrated moisture flux convergence (×10!! kgm!!s!!) (colored) and vertically 
integrated moisture flux vectors (×10!! kgm!!s!!) in the 1000-700 hPa layer for (a) winter average, 






Figure 3.15 The difference in the moisture content averaged for the1000-700 hPa layer between the cases of 
each criterion and the mean winter value for (a) criterion 1 – winter average, (b) criterion 2 – winter 
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Abstract 
 The three dimensional structure of the Red Sea Low Level Jet (RSLLJ) that occurs 
over the southern Red Sea during the winter season is examined using the Weather Research 
and Forecasting (WRF) model. Simulations confirm that the jet is a terrain induced 
phenomenon that initiates as a gap flow as the jet forms north of the strait of Bab el-Mandab 
as a result of a hydraulic effect when a stably stratified cool layer is channeled through the 
mountainous gap at low levels over the strait into the southern Red Sea. The jet intensity is 
enhanced by the Red Sea trough over the southern Red Sea. The cool dense air mass south of 
the strait is provided by a generally persistent synoptic regime that includes both a high-
pressure system over most of the eastern Arabian Peninsula, and the Sudan low-pressure 




12.5°N to slightly north of 17°N with a width of 100-150 km over the southern Red Sea. The 
jet core lies at 500-600 m above sea level between 14°N-16°N with wind speeds exceeding 
25 m s-1. The pressure difference between the south and north sides of the strait as well as the 
depth of the stratified cool layer south of the strait are directly responsible for the jet length 
and speed over the southern Red Sea, with larger difference and a deeper cool layer resulting 
in longer and stronger jets. Sea/land breezes also directly influence the jet spatial scale, 
intensity, and diurnal variation with land breezes causing faster and more constricted jets at 
night, and divergence due to sea breezes leading to relatively slower jets during daytime. 
 
Keywords: Low-Level Jet; Gap wind; The Red Sea; Bab el Mandab; Saudi Arabia; Regional 
and mesoscale modeling 
 
1. Introduction 
 The Red Sea Low Level Jet (RSLLJ) is a phenomenon of high wind speeds in the 
lowest levels of the atmosphere that occurs over the southern Red Sea during the winter 
season. This jet is associated with the southern Red Sea southeast monsoon, which results 
from a synoptic pressure gradient at the surface in the region (Lebassi-Habtezion and Van 
Buskirk, 2012; Samman and Gallus, 2018). This gradient is present due to a persistent high-
pressure system over the Arabian Sea and a heat low over Sudan. The RSLLJ phenomenon is 
attracting increasing interest recently due to its usefulness in some applications such as wind 
energy (Van Buskirk et al., 1998; Storm et al., 2009; Lebassi-Habtezion and Van Buskirk, 
2012) as well as its contribution in generating severe storms in the vicinity of the Red Sea 




remarkable feature of the RSLLJ is the large variation of its spatial scale, which varies from 
tens of kilometers to more than 500 kilometers (Samman and Gallus, 2018).  
 An understanding of the RSLLJ requires an understanding of the topographic features 
of the southern Red Sea. The southern Red Sea that is influenced by the southeast monsoon 
in the winter extends from 12.5°N to about 21°N (Figure 4.1). East of the southern Red Sea, 
the west coasts of Yemen and Saudi Arabia are entirely mountainous with the elevations 
ranging between 800 m to about 3 km. West of the Sea, the topography of most of the 
western half of Eritrea is also mountainous with an elevation ranging from 1 to more than 2 
km. Along the southern Eritrean coast extending from 12.5°N to 14.5°N and parallel to the 
coastline, there is a series of mountains known as the Eastern Eritrean escarpment with an 
elevation ranging from 800 m to about 2 km. Mount Ramlu (at 13.5°N, 41.7°E) is the highest 
point in this region with an elevation exceeding 2 km. The narrowest distance between the 
Eritrean highlands and the Yemeni highlands, about 100 km at the surface and 200 km at 1 
km elevation, on average, is located in the strait of Bab el-Mandab around 12.5°N-13.5°N. 
This region represents a terrain gap where the southeast wind flows through from the Gulf of 
Aden to the southern Red Sea. The gap, however, does not have a consistent width along the 
southern Red Sea, as its width increases north of about 13°N. 
 The RSLLJ was first identified as a persistent high-wind at the strait of Bab el-
Mandab and along about 200 km of the Eritrean coast by Van Buskirk et al. (1998). The 
purpose of their study was to conduct a feasibility assessment of wind resources in Eritrea 
using some historical data existing at the time. They attributed the high wind to the 
channeling of the flow over the strait of Bab el-Mandab and indicated that the high wind 




mass conservation (Bernoulli’s principle), as the flow has to accelerate as it moves within the 
channel. The main limitation of their study, however, is that their results were based on 
averages of typical steady conditions of the flow in that particular region. Also, since their 
focus was on finding ideal sites for wind resources, they only investigated the surface flow. 
Lebassi-Habtezion and Van Buskirk (2012) conducted another study for the same purpose 
analyzing a numerical simulation of a typical case with steady high wind speeds during the 
winter monsoon season. They were able to present the three dimensions of the wind field in 
the strait of Bab el-Mandab. They found that the RSLLJ existed at about 300-600 m elevation 
above sea level and extended from 12.5°N to 14.5°N latitude, and they concluded also that 
the jet forms as flow is channeled within the strait. The main limitation of their study is that 
they only investigated one case and thus did not explore cases where the jets extended farther 
northward beyond 14°N. 
 In a study examining the persistence of the RSLLJ and its possible role in two serious 
flash flood events in Jeddah in 2009 and 2011, Samman and Gallus (2018) found that the 
RSLLJ could extend north of 14.5°N. They classified the jet using three criteria based on the 
wind speed and used 10 years of climatological data to determine the frequency and the 
spatial location of jets for each criterion. The first criterion included jet speeds from 10-14 m 
s-1, the second from 14-18 m s-1, and the third speeds greater than 18 m s-1. The cases 
examined by Van Buskirk et al. (1998) and Lebassi-Habtezion and Van Buskirk (2012) fall 
into criterion one of the Samman and Gallus (2018) classification, and these jets are more 
frequent north of the strait around 13°N. The core of criteria two and three jets, however, 
were more frequently centered around 16.5°N. They also found that the stronger RSLLJs 




in January compared to other months of the monsoon period (October-April) due to a 
stronger pressure gradient over the southern Red Sea. 
 Several studies found that the gap wind usually forms when a pressure gradient exists 
across a mountain barrier. Some examples are the gap winds in Bora, Croatia (Smith, 1987), 
the strait of Juan de Fuca in northwest Washington State (Mass et al., 1995; Colle and Mass, 
2000), Howe Sound in British Colombia (Jackson and Steyn 1994), the strait of Gibraltar at 
the western entrance of the Mediterranean Sea (Bendall, 1982; Dorman et al., 1995), the Gulf 
of Tehuantepec in Mexico (Steenburgh et al., 1998), the Gulf of Alaska (Bond and Stebano, 
1998; Cohn 2004; Liu et al., 2006), and the Washington Cascade Mountains (Colle and 
Mass, 1998a, 1998b). A major finding of previous studies was that the flow is usually faster 
at the exit region and not within the gap, which indicates that the mass conservation theory 
for a gap wind (i.e. Bernoulli effect) can be deceptive since topographic gaps are not well 
contained environments. Instead, the past studies suggest that the gap wind usually forms 
when a pressure gradient exists across the gap which leads the flow of mostly cool and dense 
air to converge upstream of the gap due to the blocking by the surrounding terrain, resulting 
in a high pressure perturbation. This flow is then forced into the gap, and as the gap widens 
the dense air starts to spread out and thin, decreasing the pressure.  The resulting pressure 
gradient along the gap contributes to the stronger wind speed at the exit region. This 
acceleration is usually referred to as the hydraulic effect. 
 The question that arises now is: if the jet forms as a result of the channeling of the 
flow in the strait of Bab el-Mandab due to the Bernoulli effect as indicated by Van Buskirk et 
al. (1998) and Lebassi-Habtezion and Van Buskirk (2012), why is the jet faster at and after 




investigating the major dynamics that contribute to the development of the RSLLJ using 
several numerical simulations of two cases where strong wind over the southern Red Sea 
extended farther north of the strait to north of 14°N. In addition, some sensitivity tests were 
performed adjusting topographic features and surface characteristics to further understand the 
dynamics behind the RSLLJ formation as well as the factors that influence its intensity and 
diurnal variation. This approach has been used in prior studies to investigate the role of 
terrain height in the formation of the Great Plains LLJ by removing the topographic features 
in numerical simulations (e.g. Pan et al., 2004; Parish and Oolman, 2010; Giannakopoulou 
and Toumi, 2012) or by removing the water surface from the model in order to see how land-
sea distribution influences the wind field (Giannakopoulou and Toumi, 2012). 
 This paper is organized as follows. The second section gives the model description 
and the experimental design. The validation of the model forecast is discussed in section 3. In 
section 4, the simulation results are analyzed including sensitivity experiments, the RSLLJ 
characteristics, causes, and diurnal variation. Finally, the summary and conclusion are 
presented in sections 5. 
 
2. Model description and experimental set-up 
 The Weather Research and Forecasting (WRF) model (version 3.8) (Skamarock et al., 
2008) was utilized in the present study to investigate the dynamics of the RSLLJ. Several 
simulations were conducted for two different cases that met criterion three of the Samman 
and Gallus (2018) classification. The first case (case 1) occurred from 24-28 January 2011 
and the second case (case 2) from 23-27 November 2009, with both associated with serious 




Global Forecasting System GFS analyses data set, with 1° × 1° horizontal grid spacing, was 
used to initialize the model runs. The simulation period was 96 hours, and the boundary 
conditions were updated at 6-hour intervals. Three nested grids were applied to the study 
area, with horizontal grid spacing of 27, 9, and 3 km for grids 1, 2, and 3, respectively 
(Figure 4.1). The parent grid with 300 × 216 grid points covered the Middle East and the 
Indian subcontinent in the east and a large portion of northeastern Africa in the west. This 
coarse domain was used in order to include the monsoonal effects during the winter, which 
are represented by the presence of a subtropical anticyclone over the Arabian Sea, a 
subtropical anticyclone over northern Africa and the Sudan low over Sudan. The second grid 
with 274 × 304 grid points spanned the entire Red Sea and its surrounding areas in addition 
to the Gulf of Aden. The finer grid included 364 × 406 grid points and extended from 10 – 
21 °N and 36 – 46 °E, covering the southern Red Sea and the southwest Mountains in Saudi 
Arabia and Yemen and a large part of the Ethiopian Highlands. The simulation used 36 
vertical levels to represent the atmosphere. The grid spacing varied from around 200 m 
below 850 hPa to 500 m at 500 hPa and coarsened to 1 km at levels above 100 hPa. For case 
1, the model was initialized at 00 UTC on 24 Jan 2011 and at 00 UTC on 23 November 2009 
for case 2.  
 Previously, in numerical studies in the region using the WRF model, Deng et al 
(2015) and Yesubabu et al (2016) found appropriate model configurations that produced 
good forecasts of extreme precipitation in Jeddah and the nearby areas. Giannakopoulou and 
Toumi (2012) produced good forecasts of the Shamal wind over the Persian Gulf 
(Giannakopoulou and Toumi, 2012). For the present study, similar configurations were used 




and to determine the most accurate forecast with the smallest forecast error. This forecast 
was used as the control run. These different model set-ups are summarized in Table 4.1. The 
first model set-up was as follows: the Goddard scheme for microphysics, Rapid Radiation 
Transfer Model (RRTM) long-wave radiation scheme (Mlawer et al., 1997), Dudhia 
shortwave scheme, the NOAH land surface process scheme (Chen and Dudhia, 2001), the 
Eta surface layer parameterization, and the Yonsei University (YSU) non-local scheme for 
planetary boundary layer turbulence (Hong et al., 2006). For the same set-up, additional 
simulations were conducted varying the surface layer parameterization and the planetary 
boundary layer schemes to the Mellor-Yamada-Janjac (MYJ) (Janjić, 1994) and the Quasi-
normal scale elimination (QNSE) to determine which would produce a better simulation. For 
the second model set-up, the Eta microphysics scheme was used for the second and the high-
resolution grids. The Lin microphysics scheme (Lin et al., 1983; Rutledge and Hobbs, 1984) 
was used for the coarse grid, along with the RRTMGs (Iacono et al., 2008) scheme for 
shortwave and longwave radiative transfer. The Mellor-Yamada-Janjac (MYJ) boundary 
layer scheme and the Yonsei University (YSU) scheme were both tested. The last set-up was 
similar to the first set-up except for the microphysics scheme where the WRF single-moment 
three class scheme (WSM3) was used. In all model configurations tested, for cumulus 
convection in grids 1 and 2, the Kain-Fritsch mass flux scheme (Kain and Fritsch, 1990; 
Kain, 2004) was used with no cumulus parameterization scheme in the high-resolution grid. 
Each simulation was run with and without spectral nudging (Migues-Macho et al., 2004).  
 After the configuration of the control run was determined for the first case, four 
sensitivity experiments were conducted and compared with the control run in order to 




the first experiment, the water body of the Red Sea was replaced with (barren) sparsely 
vegetated land (NO-SEA). In the second experiment, the model was initiated without 
topography around and in the vicinity of the southern Red Sea (NO-TER). The model was 
run without the African topography (NO-AFR-TER) and the Arabian Peninsula’s (NO-ARB-
TER) topography for the third and the fourth experiments, respectively. Since it is important 
to give the model sufficient time to spin up and adjust to the change in the topography and 
land categories, the model was integrated for 48 hours prior the observation of the jet 
(Giannakopoulou and Toumi, 2012). Of note, the sensitivity experiments were not conducted 
for the second case. The second case simulation was run only to confirm if similar 
mechanisms were responsible for the formation of the RSLLJ as with the first case. 
 
3. Model validation and the determination of the control run 
 Before the dynamics of the RSLLJ were studied using the simulations, a quantitative 
validation of the model’s ability to predict the wind field was performed for the first case, 
and all configurations were evaluated. This validation was challenging due to the insufficient 
surface and upper level observations in the RSLLJ area. However, WRF forecasting skill was 
verified through its prediction of the synoptic circulation in the domain of the study. The 
upper level observations valid for 00 UTC on 26 January 2011 (the simulation at hour 48) 
were available for 31 stations located in the parent domain (Figure 4.1) and obtained from the 
University of Wyoming sounding data website 
(http://weather.uwyo.edu/upperair/sounding.html). All model configurations (Table 4.1) were 
tested to see what run produced the smallest MAE, RMSE and Bias for wind speed and 




all stations. The configuration with the smallest errors was set-up 1 with the MYJ for the 
surface layer parameterization and the planetary boundary layer scheme, and employing the 
spectral nudging for all domains (Table 4.1), and will be referred to as the control run. The 
MAE is calculated as MAE = !
!
F! − O!!!!! , the RMSE is defined as 
RMSE = !
!









 , where  F is the 
forecast value, O the observation, and N the total number of the values used in the 
verification. Table 4.2 lists the statistics for the control run including the MAE, RMSE, and 
the Bias for the wind speed and temperature. Note that the largest MAE and RMSE were 
about 0.6 and 0.4 m s-1 greater than the statistics of the control run for the wind speed and 
about 0.4 and 0.3 °C greater for temperature, respectively. To evaluate the accuracy of the 
simulation, four sounding stations that were the closest ones to the southern Red Sea region 
with complete datasets were chosen and bilinearly interpolated to specific levels to directly 
compare the model outputs with the available upper level observations (Figure 4.2). The first 
is located within the 3-km domain (grid 3), Abha, at (42.6°E, 18.2°N). The second station is 
Jeddah, located within the 9-km domain (grid 2), at (39.1°E, 21.7°N). The last two stations 
(also located within grid 2) are Hail and Dammam and located at (41.6°E, 27.4°N) and 
(49.8°E, 26.4°N) respectively. The simulation at hour 48 of temperature, dew point 
temperature, wind speed and direction at 00 UTC on 26 January agreed very well with the 
observations at each of the four stations, especially below 10 km (Figure 4.2). Although the 
dew point temperature was slightly over estimated at higher levels at some stations such as 
Hail and Dammam, the errors were relatively small. As for the closest station to the southern 
Red Sea (i.e. Abha), the model produced a good simulation even though Abha is located in a 





4. Simulation results 
4.1 Synoptic setting 
 The synoptic environment of the cases discussed in the present study were consistent 
with those found for jet events in this region in previous works (Van Buskirk et al., 1998; 
Lebassi-Habtezion and Van Buskirk, 2012; Samman and Gallus, 2018). The RSLLJ formed 
over the southern Red Sea in the presence of two major synoptic systems that are usually 
responsible for the formation of the southeastern monsoon over the southern Red Sea area. 
Figure 4.3 shows the sea level pressure along with the 10 m wind barbs from the 27-km grid 
(grid 1) for case 1. The life cycle of this case is 4 days starting from 00 UTC on 24 January 
2011 and ending at 00 UTC on 28 January 2011. Generally, the main synoptic features that 
were present were a high-pressure system that dominated the eastern Arabian Peninsula and 
southwest Asia for the entire period and the Sudan low-pressure system southwest of the Red 
Sea. This synoptic set-up contributed to relatively persistent dynamics that result in relatively 
cool flow moving toward the Gulf of Aden from the east and increased the pressure in the 
region. According to Van Buskirk et al. (1998), the cooling of air over the Indian Ocean and 
the Gulf of Aden occurs as a result of evaporation when dry air descends out of the Himalaya 
producing an inversion layer over these bodies of water. The relatively dense air within the 
inversion layer over the Gulf of Aden was then forced to shift northward by the terrain 
toward the Red Sea through the strait of Bab el-Mandab where the pressure was relatively 
lower than the pressure south of the strait (Figure 4.3). Over the southern Red Sea, the Red 
Sea trough, which is associated with the deep Sudan low, started to oscillate northeastward to 




pressure there before it retreated southwestward at 00 UTC on the 27th (Figure 4.3). As 
Samman and Gallus (2018) found, this synoptic setup corresponds well with the presence of 
the RSLLJ farther north of the strait. For case 2, which occurred from 00 UTC on 23 
November 2009 to 00 UTC on 27 November 2009, the synoptic features were relatively 
similar (not shown). However, the pressure systems were generally weaker because it 
occurred in November when the temperature was not as cool as in January and the pressure 
gradient over the southern Red Sea was generally smaller. 
 
4.2 Result of the sensitivity experiments 
 The sensitivity experiments were conducted to investigate the role of the 
topographical features in the vicinity of the southern Red Sea on the development of the 
RSLLJ. Figure 4.4 shows the simulation at hour 48 for case 1 at 00 UTC on the 26th for the 
five experiments. The jet speed was relatively similar from 25-30 m s-1 in both the real case 
(Control run, Figure 4.4a) and the NO-SEA experiment (Figure 4.4b). However, the jet core 
was more widespread for the NO-SEA experiment, extending across most of the southern 
Red Sea area. This change in the spatial scale of the jet suggests that the night land breeze 
did not exist in the NO-SEA experiment due to the removal of the water body, while for the 
control run, the land breeze contributed to the constriction of the jet into a narrower area over 
the southern Red Sea. In addition, the structure of the jet in the NO-SEA experiment was 
more uniform with less horizontal variation in speed across the southern Red Sea, while for 
the control case, the surface heat fluxes from the water body contributed to some fluctuation 
in the jet speed and vertical structure (not shown). The NO-TER experiment (Figure 4.4c) did 




formed in different locations in the domain, which seemed to correspond to the pressure 
gradient between the two main synoptic systems. When only the African terrain was removed 
from the model (NO-AFR-TER, Figure 4.4d) strong wind still developed but the strongest 
wind formed over Eritrea. These strong winds were strongly diffluent and more widespread 
as the flow now moved more directly toward the low pressure area that exists west of the east 
African mountains, since those mountains were removed. The wind speed decreased rapidly 
as the flow started to converge as it encountered a northerly flow and attempted to adjust to 
the synoptic circulation. Lastly, NO-ARB-TER (Figure 4.4e) produced a relatively weaker jet 
(around 20 m s-1) along the barrier of the African terrain and in other locations east of the 
southern Red Sea. The relatively high wind speed in this experiment seems to be explained 
by barrier jet dynamics, with the jet forming as a result of the pressure gradient and the 
blocking of the easterly cool air by the African terrain. 
 
4.3 RSLLJ characteristics 
 RSLLJ location and characteristics were examined on the 3-km domain (grid 3) using 
several vertical cross-sections as well as time series at different points (Figure 4.5a). These 
cross-sections include one north-south cross-section along the jet and three west-east cross-
sections normal to the jet. The normal cross-sections were chosen to represent the jet 
entrance, core, and exit regions. In addition, two different point locations were chosen for 
more analysis of the jet, one north of the strait at the jet core (41.5°E, 15°N) and the other 
south of the strait (43.8°E, 12°N) (point I and J in Figure 4.5a).  Terrain features near the 
strait of Bab el-Mandab at about 13.3°N where the flow is channeled within the eastern gap 




 The wind direction of the jet was primarily south-southeasterly for the entire period 
for both cases. Interestingly, the jet had two cores north of 14°N due to the topographic 
features in the region (Figure 4.6). The main jet, which had a larger spatial scale, formed over 
the southern Red Sea as the flow channeled within and exited the strait of Bab el-Mandab. 
The smaller scale jet formed as the flow exited the valley that is located west of Mount 
Ramlu at the Eritrean coast. The flow within this valley comes from both air blowing from 
the strait through the topographic constriction as well as air descending from the highlands 
south of the valley. 
 Figures 4.7 and 4.8 are vertical cross-sections (along the lines A to B, C to D, E to F, 
and G to H in Figure 4.5a) for case 1 (simulation at hour 48 at 00 UTC on 26 January) and 
case 2 (simulation at hour 48 at 00 UTC on 25 November), respectively, depicting the 
structure of the RSLLJ when it had its peak speeds. The jet formed slightly in front of the 
strait exit around 13.5°N and extended for about 600 km (through around 17.5°N) over the 
southern Red Sea for case 1 (Figure 4.7d) and about 500 km (to around 16.5°N) for case 2 
(Figure 4.8d). The width of the jet spanned about 100-150 km (Figures 4.7 and 4.8, a, b, and 
c). The jet was contained below the 900-hPa level (corresponding to the lowest 1-km layer) 
with the core around the 925-950 hPa level (corresponding to 500-600 m above sea level) for 
both cases with maximum speeds exceeding 25 m s-1. The potential temperature fields 
showed a dense, cool, and deep air mass building up south of the gap for case 1 (Figure 4.7d) 
and slightly shallower for case 2 (Figure 4.8d) because the temperature in January is cooler 
than in November. In both cases, the depth of this cool air mass was lower than the 




in density between the two cases seemed to correspond well with the strength of the jet 
within and north of the strait due to mass conservation and the hydraulic effect.  
 
4.4 RSLLJ causes  
 It was mentioned in the previous section that the synoptic circulation supplies a 
relatively cool air mass to the Gulf of Aden which is then blocked by the high mountains of 
the region. The blocking mechanism was verified by calculating the Froude number at point J 
(Figure 4.5a). The Froude number values were subcritical (0.779 for case 1 and 0.491 for 
case 2) supporting the idea that the easterly flow was blocked. The smaller Froude number 
for case 2 also indicates that the cool layer was shallower for case 2 compared to case 1, and 
this explains why the RSLLJ jet was generally weaker for case 2 as well. To examine this 
further, several vertical cross-sections (along line G-H in Figure 4.5a) for both 00 UTC and 
12 UTC for each of the four days were investigated for both cases (Figure 4.9). At 00 UTC 
24 January for case 1, a cool and deep air mass was present south of the strait of Bab el-
Mandab (Figure 4.9a). By 12 UTC, the wind started to accelerate at the exit of the strait 
(Figure 4.9b). For the period from 00 UTC 25 January to 00 UTC 26, the cool dense air layer 
south of the strait deepened even more as more flow was blocked south of the strait, and the 
RSLLJ developed north of the strait as a response (Figures 4.9c, 4.9d, 4.9e).  On 12 UTC 26 
January, the cool layer was not as deep as before and the wind started to weaken at the strait 
exit. In the following night at 00 UTC 27 January, the cool layer was observed again and, as 
a response, strong wind developed at the north exit. At the end of the period at 12 UTC 27 
January, the cool air support south of the strait started to diminish and flow channeling within 




processes occurred (Figure 4.10). However, since the thermal characteristics of the air mass 
were weaker (i.e. the cool layer was relatively warmer than for case 1 and the layer depth 
was smaller), the resulting jet was weaker. 
 The cold dense air that built up south of the strait had a significant contribution on the 
pressure fields and produced high pressure at low levels. Figures 4.11 and 4.12 show the sea 
level pressure and wind speed at the 950-hPa level along line G-H shown in Figure 4.5a. A 
high sea level pressure value of 1014-1015 hPa on average existed south of the strait with 
generally lower pressure values north of the strait for both cases. Interestingly, there was an 
inverse relationship between the sea level pressure and the RSLLJ speed at the gap location. 
The pressure was always higher south of the strait and decreased rapidly along the gap, 
supporting the hydraulic effect. As the cool air reached the Gulf of Aden and was blocked 
south of the strait the pressure increased and the wind speed slowed as the flow entered the 
gap. As the flow moved through the gap and the gap widened, the cold flow spread out and 
the depth of this air mass decreased due to mass conservation (See Figures 4.9 and 4.10). 
This decrease in the air mass depth caused a large drop in the pressure. This mechanism (i.e. 
large drop in pressure between the south and north of the strait) can be seen clearly in Figures 
4.11 and 4.12. Generally, the jet speed was dependent on the difference in pressure between 
the south and north ends of the strait. For case 1 (Figure 4.11), the jet speed at the beginning 
of the period was about 15-20 m s-1 and it started to increase to about 20 m s-1 at 12 UTC on 
the 24th when the pressure difference was about 3 hPa between points G and H (Figure 
4.11b). The speed reached over 25 m s-1 from 00 UTC on 25th to 00 UTC on the 26th when 
the pressure difference was greater than 4 hPa (Figures 4.11c, 4.11d, 4.11e), and the jet 




case, this drop in the pressure over the southern Red Sea was associated with the propagation 
of the Red Sea Trough. The jet speed started to decrease again to about 20 m s-1 at 12 UTC 
on the 26th (Figure 4.11f) as the pressure difference decreased due to the withdrawal of the 
trough from over the southern Red Sea. The jet finally vanished at 12 UTC on the 27th when 
the high-pressure system dominated over the Arabian Peninsula and the southern Red Sea 
(Figure 4.3). Dynamics were relatively similar for the second case (Figure 4.12). 
 Further analyses were conducted to examine whether or not the gap wind flow over 
the strait of Bab el-Mandab is the primary dynamic driver for the RSLLJ by calculating the 
mass flux density of the flow at the eastern cross-sectional area of the gap over the strait 
below 1-km (Figure 4.5b) as well as examining the differences in temperature and pressure 
between point J south of the strait and point I north of the strait (points locations are shown in 
Figure 4.5a). It was found that the jet speed is proportional to the mass flux at the gap and 
also to the temperature and pressure difference between both sides of the gap. For instance, 
during the simulated 4 days for both cases, the wind speed north of the strait increased 
(decreased) within several hours as a consecutive response to an increase (decrease) in the 
pressure difference between both sides of the strait and an increase (decrease) in the mass 
flux at the gap (Figures 4.13 and 4.14, a, b, and c). The pressure difference exceeded 3.5 hPa 
(2.5 hPa) for case 1 (case 2) slightly after 12 UTC on the 24th (23rd) coinciding with a peak 
in the mass flux at the gap which was around 10×106 kg h-1 (7 ×106 kg h-1). Hence, the wind 
speed started to increase within the next hours and peaked between 00 UTC and 12 UTC on 
the 25th (24th) and reached about 25 m s-1 (20 m s-1). Shortly after 12 UTC on the 25th (24th) 
and coinciding with the presence of the Red Sea trough over the southern Red Sea, the 




11 × 106 kg h-1 (9 × 106 kg h-1). As a response, the jet speed reached its maximum and 
exceeded 28 m s-1 (25 m s-1) between 00 UTC and 12 UTC on the 26th (25th) for case 1 (case 
2). A third peak in the jet speed was present after 00 UTC on the 27th (26th) for case 1 (case 
2) in response to the increase in the pressure difference between 12 UTC on the 26th UTC 
(25th) and 00 UTC on 27th (26th). 
 Further evidence that the jet speed is strongly related to the gap flow was confirmed 
by investigating if there is strong correlation between the mass flux density at the gap and the 
wind speed north of the strait. A scatterplot (Figure 4.15) of the mass flux at the gap with the 
wind speed averaged for the lowest 1-km layer within the area north of the strait (shown in 
Figure 4.5a) as well as with the wind speed at the jet core (point I) revealed a significant 
positive correlation between the mass flux at the gap and the average wind speed north of the 
strait (R2=0.93 for case 1 (Figure 4.15a) and R2=0.90 for case 2 (Figure 4.15c)). The 
correlation between the mass flux and the jet speed at the core was also strong (R2>0.7 for 
both cases) (Figures 4.15b, 4.15d). Therefore, it seems there is sufficient evidence that the 
RSLLJ is a gap wind phenomenon.  
 
4.5 RSLLJ diurnal variation 
 Both Figures 4.13 and 4.14 show that the jet speed was generally greater at night after 
00 UTC for the first three days of the two cases periods than during the day after 12 UTC. 
This result agrees with the finding of Samman and Gallus (2018) that the strongest RSLLJs 
(criterion 3 with peak speeds >18 m s-1) are more frequent at night. To better understand the 
reasons for the nocturnal peak, vertical profiles of the wind speed at the jet core (point I in 




been examined (Figures 4.16 and 4.17). In general, the jet speed was greater for 00, 06, and 
18 UTC than for 12 UTC for all days for both cases excluding the initial time at 00 on the 
24th (23th) for case 1 (case 2) when the jet was developing and the final time at 18 UTC on 
the final day when the jet was dissipating (Figures 4.16d and 4.17d). The diurnal changes in 
speed of the jet were found to be influenced by the sea/land breezes over the southern Red 
Sea. The sea/land breezes were investigated at 6 different locations. Two locations at the 
western coast of Yemen and 2 at the eastern coast of Eritrea were selected to examine the 
flow north of the strait (points N1, N2, N3, and N4 in Figure 4.5a). Another two locations 
were selected south of the strait to examine if the sea/land breezes also influenced the cool air 
mass in the Gulf of Aden (Points S1 and S2 in Figure 4.5a). As expected, onshore flow was 
found around 12 UTC of each day of the period at the 4 locations north of the strait. For 
instance, the flow was mostly south-easterly (onshore) around 12 UTC and mostly south-
southeasterly (offshore) around 00 UTC at locations N1 and N3 (Figures 4.18a, 4.18c, 4.19a, 
4.19c). On the east side, the same dynamics can also be seen and the flow was mostly south-
southwesterly (onshore) around 12 UTC and south-southeasterly (offshore) around 00 UTC 
at locations N2 and N4 (Figures 4.18b, 4.18d, 4.19b, and 4.19d). Coinciding with the 
offshore flow during the night, the sea level pressure at the northern exit of the strait to about 
15°N increased and the wind speed increased as a result of the pressure difference between 
the south and the north over the southern Red Sea, because pressure changes less in the north 
because the Red sea is wider there (not shown). During the daytime, on the other hand, the 
sea level pressure north of the strait decreased more than the night coinciding with the 
onshore flow and the pressure difference between the south and the north of the southern Red 




also present, which also influenced the constriction, thermal characteristics, pressure, and 
thus the depth of the cool air mass leading to a relatively deeper cool layer at night (Figures 
4.18e, 4.18f, 4.19e, and 4.19f).  
 
5. Summary and conclusion 
 This paper investigates the mechanisms that are responsible for the formation of the 
RSLLJ over the southern Red Sea between 12.5°N and 18°N in winter using the Weather 
Research and Forecasting (WRF) model. The model successfully captured the three 
dimensional structure of the RSLLJ for two cases. The analyses showed that the jet is a 
terrain-induced phenomenon that initiates as a gap flow and forms over the southern Red Sea 
due to the hydraulic effect. This occurs when a cool dense air mass converges and is blocked 
by the terrain in the Gulf of Aden and forced to channel through the mountainous gap in the 
strait of Bab el-Mandab to the southern Red Sea. The accumulation of the cool dense air 
mass is provided by a persistent synoptic set-up that includes a persistent high-pressure 
system over most of the eastern Arabian Peninsula and the Sudan low-pressure system over 
Sudan. As the cool dense air mass builds up south of the strait, the pressure increases due to 
the blocking of the flow by terrain and the wind slows down as the flow enters the gap. As 
the flow move through the gap and the width of the gap starts to increase, the cold flow 
spreads out and the depth of this air mass decreases due to mass conservation resulting in a 
large drop in the pressure north of the strait. The resulting pressure difference between the 
south and north ends of the strait is the main dynamic driver behind the RSLLJ formation at 
the exit region of the strait when the appropriate synoptic set-up is in place. It is also found 




pressure difference between the south and north of the strait and hence increases the RSLLJ 
length (extending to about 600 km) and intensity (exceeding 25 m s-1).  
 The depth of the stratified cool layer south of the strait is found to influence the jet 
spatial scale and speed. For case 1, which occurred in January, the cool layer was deeper than 
for case 2, which occurred in November, and the resulting jet had a larger spatial scale and 
greater wind speed. The RSLLJ also is found to be influenced by sea/land breezes, resulting 
in a typical diurnal trend. The jet speed is greater at night duo to the constriction of the flow 
over the southern Red Sea by land breezes. The constriction results in convergence and the 
pressure increases to the south, which in turn intensifies the pressure difference between the 
south and the north, and increase the wind speed. During daytime, on the other hand, the sea 
breeze diverges the flow from the southern Red Sea toward land on both sides, which in turn 
lowers the pressure to the south, weakening the pressure difference and resulting in a 
relatively weaker jet. 
 Although surface and upper level observations in this region are sparse so that a 
detailed examination of the RSLLJ is not possible with observational data alone, WRF 
produced a seemingly realistic RSLLJ. This suggest that the model can be used to give 
forecasters a good understanding of the nature of the wind flow in the southern Red Sea to 
benefit wind energy interests, weather forecasting, and reduce hazardous impacts on aviation 
and marine transportation. Because our study was forced to rely only on numerical 
simulations due to the lack of standard observations in this region, we suggest in the future 
that a field experiment be conducted in the area to add observational support to the findings. 
 In future work, we plan to further explore the findings of Samman and Gallus (2018) 




area, particularly by investigating its direct role in the formation of mesoscale convective 
systems along the west coast of Saudi Arabia. 
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Table 4.1 WRF physics configurations used in the simulation. 
Physics Configurations 
 1 2 3 
mp_physics (Goddard) (Lin) (WSM3) 
ra_lw_physics (RRTM) (RRTMG) (RRTM) 
ra_sw_physics (Dudhia) (RRTMG) (Dudhia) 
sf_sfclay_physics (Eta), (MYJ), (QNSE)  (Eta), (MYJ) (Eta), (MYJ) 
sf_surface_physics (Noah) (Noah) (Noah) 






Table 4.2 Mean absolute error, root mean square error and bias for the simulation at hour 48 of the wind speed 
(m s-1) and temperature (°C) (control run) on 8 selected levels (250, 500, 750, 1000, 2000, 4000, 6000, 
and 8000 m) compared with the available 31 radiosonde stations. 
 Wind speed (m s-1) Temperature (°C) 
MAE 2.94 1.56 
RMSE 4.52 2.79 









Figure 4.1 The geographic features from the three nested domains used in the study. The 27-km domain (D1) 
shows the locations of the 9-km (D2) and the 3-km (D3) domains. Zoomed maps of D2 and D3 are 
also provided to the right. The ×s indicate the locations of the available soundings used for the model 
verification at 00 UTC on 26 January 2011. The labeled ×s are the four stations used in Figure 4.2. 
The small map embedded within D1 shows the geographic features at the strait of Bab el-Mandab. 






Figure 4.2 Vertical profiles at 00 UTC 26 January 2011 (case 1) of observed (solid) and the simulation at hour 
48 (dashed) values of (a) temperatures and dew point temperatures (°C), (b) wind speed (m s-1), and 
(c) wind direction (°) for Abha, at (42.6°E, 18.2°N).  Figures (d), (e), and (f) are the same but for 
Jeddah, at (39.1°E, 21.7°N). Figures (g), (h), and (i) are for Hail, at (41.6°E, 27.4°N). Figures (J), (k), 
and (l) are for Dammam, at (49.8°E, 26.4°N). See Figure 4.1 for the locations of these stations 
(Abha=AB, Jeddah=JN, Hail=HL, and Damman=DM).  
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Figure 4.3 Sea level pressure (hPa) in 2 hPa intervals (shaded) and 10 m wind barbs (m s-1) for the period 24/00-






Figure 4.4 The simulation at hour 48 at 00 UTC on 26 January 2011 (case 1) of wind speed (shaded in m s-1, see 
color scale at right) and direction (vectors) at 500 m from the 3-km grid for (a) the control run, and 
experiments with (b) no sea (NO-SEA), (c) no terrain (NO-TER), (d) no African terrain (NO-AFR-
TER), and (e) no Arabian Peninsulas terrain (NO-ARB-TER). The blank regions denote terrain with 






Figure 4.5 (a) The geographic features (km) of the southern Red Sea form the 3-km grid. The lines from A to B, 
C to D, and E to F, mark the cross-sections used in Figures 4.7 and 4.8. The line from G to H is for 
the cross-sections in Figures 4.7-4.12. Point I is for Figures 4.13, 4.14, 4.15b, 4.15d, 4.16, and 4.17. 
Point J is for Figures 4.13b, 4.13c, 4.14b, and 14c. Points N1, N2, N3, N4, S1, and S2 are used in 
Figures 4.18 and 4.19. The dashed box indicates the area where the average wind speed for the 1-km 
layer is calculated over the water body used in Figures 4.15a and 4.15c. (b) A cross-section of the 
terrain along line E-F. The eastern side shows the area where the mass flux density is calculated 
(A=1752 km2) for the lowest 1-km layer and used in Figures 4.13a, 4.14a, and 4.15. The horizontal 






Figure 4.6 The simulation at hour 48 of wind speed (shaded in m s-1, see color scale at right) at the 950-hPa 
level from the 3-km grid for (a) 00 UTC 26 January 2011 (case 1) and for (b) 00 UTC 25 November 






Figure 4.7 Vertical cross-sections of the simulation at hour 48 of potential temperature (°K) (contour) and wind 
speed ((m s-1) shaded, see color scale) at 00 UTC 26 January 2011 (case 1) along lines from  (a) A to 
B, (b) C to D, (c) E to F, and (d) G to H in Figure 4.5a. The black rectangle denotes the location of 
the strait of Bab el-Mandab from 12°N to 13.5°N. The blank regions denote terrain with elevations 












Figure 4.9 Vertical cross-sections of potential temperature (°K) (shaded) and wind speed greater than 10 (m s-1) 
(contour) along the line from G to H in Figure 4.5a for the period 24/00-27/12 UTC January 2011 













Figure 4.11 Wind speed at the 925-hPa level (m s-1) (solid line) and sea level pressure (hPa) (dashed line) along 
line G to H in Figure 4.5a for the period 24/00-27/12 UTC January 2011 (case 1). The black 
rectangle denotes the location of the strait of Bab el-Mandab from 12°N to 13.5°N. 
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Figure 4.12 Same as Figure 4.11, but for the period 23/00-26/12 November 2009 (case 2). 
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Figure 4.13 Time series of (a) wind speed at the 950-hPa level (m s-1, solid line) at point I in Figure 4.5a, and 
the mass flux density (kg hr-1 × 106, dashed line) calculated for the lowest 1-km layer shown in the 
cross-sectional area in Figure 4.5b, (b) wind speed (m s-1, solid line) and the difference in surface 
temperature (°C, dashed line) between point I and J in Figure 4.5a, and (c) wind speed (m s-1, solid 
line) and the difference in sea level pressure (hPa, dashed line) between point I and J in Figure 4.5a, 
for the period 24/00-28/00 UTC January 2011 (case 1). 






















a) Mass flux density vs wind speed                                                                                                              
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Figure 4.14 Same as Figure 4.13, but for the period 23/00-27/00 November 2009 (case 2). 
  






















a) Mass flux density vs wind speed                                                                                                              
 
 

















b) Temperature difference vs wind speed                                                                                                   
 
 








































































Figure 4.15 Scatter plots showing the correlation between (a) the average wind speed (m s-1) in the lowest 1-km 
layer calculated over water within the dashed box in Figure 4.5a and the mass flux (kg hr-1 × 106) at 
the eastern gap in Figure 4.5b and (b) the wind speed at the 925-hPa level (m s-1) at point I in Figure 
4.5a and the mass flux (kg hr-1 × 106) at the eastern gap in Figure 4.5b, for 24/00-28/00 UTC January 
2011 (case 1). (c) and (d) are same as (a) and (b) but for 23/00-27/00 November 2009 (case 2). 
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Figure 4.16 Vertical profiles of wind speed (m s-1) for each day of the period from 24-27 January 2011 (case 1) 
at point I in Figure 4.5a. 
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Figure 4.17 Same as Figure 4.16, but for the period from 23-26 November 2009 (case 2). 
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Figure 4.18 Time series of wind direction at the corresponding points indicated in Figure 4.5a for the period 
from 24-28 January 2011 (case 1). The horizontal dashed line indicates a direction that would most 
















































































































Figure 4.19 Same as Figure 4.18, but for the period from 23-26 November 2009 (case 2). 
  












































































































CHAPTER 5. GENERAL CONCLUSIONS 
 
 Rainfall has many contributions to human life, plants, and natural water storage. 
However, heavy rainfall has become a series threat to human life, the economy, and 
infrastructures in SA recently. Although we cannot stop heavy rainfall from occurring, we 
still can improve our forecasting for such events and mitigate the flooding impacts on 
humans, agriculture, and civil infrastructures through decision making and suitable planning. 
Weather organizations have an important role to play in this mitigation process by providing 
a reliable forecast. The first part of the present study was carried out to provide detailed 
qualitative explanations about the dynamics and the nature of the flow that contributes to 
heavy precipitation in SA. The study classified the synoptic patterns associated with the 
development of heavy rainfall in five different regions in Saudi Arabia. This classification 
can help operational forecasters, allowing the estimation of the location of the influence zone 
occurring with each pattern and some guidance on the possible severity of the events as it 
provides a reference to the synoptic patterns and can leads local forecasters to predict flood 
disasters and reduce losses. 
 In the second part of the present study, the RSLLJ was found to be a relatively 
frequent phenomenon in the winter over the southern Red Sea. We classified the jet into three 
criteria and examined the jets of each criterion. It was found that the jet has different spatial 
distributions based on peak wind speeds. In addition, it was found that the RSLLJ contributes 
significantly to the high moisture content in the central Red Sea region, which suggests that 
the RSLLJ can contribute to rainfall in the western region of SA due to its essential role in 




 Lastly, the results of the third part of the study indicated that the RSLLJ is a terrain-
induced phenomenon that initiates as a gap flow when a cool dense air mass converges and is 
blocked by the terrain in the Gulf of Aden and forced to channel through the mountainous 
gap in the strait of Bab el-Mandab to the southern Red Sea. We also found that the RSLLJ 
has a diurnal trend that results from the sea/land breezes effects. One last point to conclude 
from this study is that WRF is a reasonable model that can be relied upon in studying 
weather phenomena in places with insufficient observations. WRF produced a seemingly 
realistic RSLLJ and allowed us to understand the mechanisms of the jet formation. 
 
Future research 
This study, specifically in the second and third parts, presented new findings about the 
phenomena of the RSLLJ and we believe that these findings can be built upon and help shape 
future research in the region. Future research should include, but not be limited to:  
• Checking the reliability of the synoptic pattern classification by conducting further 
examinations considering false positives. 
• Conducting a deep investigation on the roles that the RSLLJ might have on 
precipitation, particularly by investigating its direct role in the formation of mesoscale 
convective systems along the west coast of SA. 
• Conducting a field experiment in the southern Red Sea area to add observational 
support to our findings. 
• Conducting a feasibility assessment of wind energy resources along the southwest 
coast of SA. 
 
